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ABSTRACT 

TnTs- essay I s considerably longer than the published version of the sane theory, 
and r& designed far readers who have, only elementary knowledge of the ret T Ha- 
lt Is organized Into four parts- The first Is 3 review that consists of four 
section St retFnal anatomy, physiology, psychophy^ its, and the retlnex theory, 
The ff*\f\ exposition starts with Part II, which deals uTth the operation of the 
retina in conditions of rioderatc ambient Illumination. The account Is limited 
to an analysis of a single tone channel -- 1 i^e the red or the ^reen one -- the 
rod channel being deferred to frequently during the account ^ Part III considers 
various interesting p-fOpert'es of retinal s1gnals h including those from the ful- 
ly dark-adapted retina:; and finally the thorny problem of bleaching adaptation 
is dealt with in Park IV, The general floiu of the account will he from the re- 
ceptors to the ganglion cells, and an analysis of each of the retinal cells and 
Synapses is given In the appropriate pi ace - 

Work reported herein was conducted at the Artificial I ntel I i genee Laboratory, a 
Massachusetts Institute of Technology research program supported in part by the 
Advanced Research Projects- Agency of the Departn>ent of Defense, and monitored by 
the Office of Naval fteiearch under Contract number HOOC I ^1 - 70— A- 03 &2 - 0005 ■ 
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Summary 
3, A oriftf rBV'Ey of thE facts known about the- retina ia 
presented* 

In It Is propossd that one function of the primate retina is to 
compute lightness by a method derived from the t wo-d 1 men s i ona I 
para I lal algorithm of Horn C1374) T 

£♦ The computation consists of thro* stages: Elf A centre - 
surround difference operation:, computed in approximately 
logarithmic units, the result being carried by the bipolar »Jlt* 
(2) An approximate^ constant threshold applied to this signal. 
{31 The inverse transform of ID, par- formed in the amacrine 
layer, uhoee output ie lightnesa. Lightness probably appears at 
X-ceiJSj unicn should therefore provide tne information for 
subsequent colour naning. 

3 1 The operation of tne midget bipolar-midget ganglion cell 
channel ie analysed in detail. It is ehoun that the small, 
stratified anserine colls are well placed to carry the necessary 
additive Lateral connexions between nearby midget bipolar 
terminals; and the diffuse anserine celt's, for supplying the 
necessary subtract ive coupling between the two lateral sye terns in 
the inner and outer thirds of the Inner p I ex 1 form layer. 
4* In particular it is necessary thatt- 

[g) A. large proportion of the midget bipolar dyad synapses 
should be with stratified awacr'ine cells, All synapses in such 
a dyad complex, including tne amacri ne/bipol ar synapse^ must 
hava a computationally positive sign. 

(bl Diffuse amacrine csFle must receive excitation from one 
layer (from midget bipolar, and possibly from stratified 
anacrine eel I si, and must send inhibit org aynapaea to the other 
lager, to midget ganglion and to stratified amacrine cells, but 
not to the midget bipolar axon terminals. The synapses from 
midget bipolar to diffuse amacrine cells need not oe 
accompanied by a reciprocal amacri na/bi polar ay/napse, whereas 
those to a stratified amacrine cell should be, 
5. nidget ganglion cells, and perhaps all X-cbIIs, should behave 
like detectors of lightness,, Their centre-surround receptive 
field organization arissE from suitable setting of the DC lev* I 
nf t he r o * '■• n Q out ,0'J t . 

G. Uhen the i I lun inat ion fails beiow a certain minimum level 1 the 
lightness computation must ba abandoned, 

7* If receptors are desensitized o*er a region, the difference in 
signal Site at ita boundary should cause a pseudo-s igna f to arise 
from ganglion cells all over that region. This may be important 
for various properties of Pleaching adaptation. 
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Introduction 

It ha* long bean thought that the a s* 1 grri an t of subjective 
"lightness" and "colour" to visible surface* depends mainly upon 
the use of comparat 1 va, not absolute, Jwa sur en»en t a Of luttinaoc* 
made by the visual system CHelmholtz 1SG2 (1SG7H, An anecdotal 
expression of thrs opinion may be found in the lecture by Rushton 
(1372 p27P-3LP)-. No precise questions abaut hou thess 
comparat i ye Measurements night be contained to produce global 
colour OT lightness assignments uere- asked until Land formulated 
what h.s pal led his ratine* theory tees Land A rtcCann 1372}* 
Land's, work has hOHevsr been largely ignored by the main 
community of retinal physiologists, (&,£< Brlndley 19717 wake* no 
reference to his uorkK This is apparently because it seemed to 
consist of observat Ions* about simultaneous colour contrast* that 
have been quite us I I knoun for a long tins. 

What then has Land contributed? His demonstrations and the 
affect that bears his name are very us I I -known, but I believe 
that his Host Important contribution was to try to quantify the 
phenomena that he so ably demonstrated. He noticed that the 
solution of problems in simultaneous contrast is an important 
issue, and deserves' «ore than hand-Having and neglect. He 
attempted to approach trie problem in 9 quantitative manner, (Land 
6 llcCann 1371), and although his eethod is unsatisfactory, hi* 
contribution ts nevertheless valuabi*. A formal solution to the 
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tub-dllntnitonat problem ua& nntaired by Karri £1374) t this pap#r 
anquirea about its relevance to the primate retina. 

Thia essay Is consioerablu. I onjar than the published version 
pf the sams theory,, and is designed far readara una have only 
-elementary knouledge a* the retina, tt is organ' gad into four 
parts* The first It a ravleu that consists of four sections: 
retinal anatcJiy< physiology,, payrhaphyslca, and the ret I men 
theory. The nam bk P oSi tron Starts ulth Pa-t 11, uhi ch dea I a 
Mith the operation of ths retina in Conditions of moderate 
ambient illumination. The account la limited to an analysis of a 
■ungis cone channel - I l^e the red or the green ons - th* red 
channel being referred tfl frequently during the account* Part 
III considers various interest ing proper tiea pf retinal signals, 
inoluding those fron the fully dark-adapted retrna; and finally 
the thorny problem of bleaching adaptation Is dH3ft ul th in Part 
IV. The general flou of the account ui I I be from th* receptors to 
the ganglion cell a, and an analysis of each of the retinal cells 
and synapses pi given in the appropriate place- 



PART Ji Review 



1 Th* eel I a anrf eal I e^r, tacts of tn-e or i mate retina 
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float qualitative* and 'Mine quantitative aspect e of th* 
etructure ot the primed retina are ms i I under a toed , thanm to 
the early ucrh Of Cajal (19111, and the recent thorough studies 
by nitietten (19GS), Oowllng: and Boycott I13B6I* Boycott and 
Cowling fuitn KbIIj} 1196S], and KolO (197BI, The primate retina 
contain* *i^a tupes of functional tlementsi the receptors 
themselves, th'j horizontal cello, the bipolar eel It, the amaerine 
ce I I a arc the retinal gang i or cells, uhcse a«ns constitute the 
optic nerve (see figure 1). 

1.1 Ihe. anatonuj q± the receptor and outer oleyifprw lauere 

At the ou terb-n a t extant Of ths outer plexlform layer lie the 
primary receptors* the rose and conse. (see Brindley (19701 
chapters 1 & 2) , The outernost part* of the receptors contain 
the pnotosenti t ive visual pigments, anil the inneraost parts make 
contact h i th other retinal neuronee. Ths rods, art mailer and 
more cylindrical than the cams, and their bases are the so- 
called rod "apherulee", that contain a single group of 
Invaginating processes from Jcuer cells- The bases of the cones 
widen out into the cane "pedicles'* in each of uh i ch there aire 
between 12 aod 25 group* of 1 rwagi nst rng processes (Boycott and 
□on ling 1363, Kolb 1373) (see figure la for the general 
arrangement)* 

The cells uhose processes contact .the receptors are the so- 
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1-Egflnd to Figure i 
Figure la anowa tna general structure of the prlnate retina h 
redraun frost Boycott A Douling (igE3 figure 3BJ emf Kolb U97B 
f Injure 56} + the cones contact the horizontal cell dendrite's; (H0>* 
and three kinds of Dipolar colli Budget H1B), flat midget (Fn6) + 
and flat bipolar ceils (FBI* The arrangement of these proceasea 
In th* cone pee) fc lea is shown In figure lc (from Kolb 1370 figure 
E0>- The rode aunapse with tha horizontal cell axenH (HA), and 
With th* .rod bipolar Cilll IRS} in t+i* manner shown in figure lb 
[from Kolb L37B figure 59}. The bipolar cell axons synapae uith 
the aimacrine calls {Al-ASK and Hith the ganglion cells (G1-&41 1 
th* different Kinds of calls ar* datcriued in the text. Figure Id 
[from Dow ling & Boycott 19BS figure 14} illustrates a dyad 
synaptic complex. This Is composed of synapses from a bipolar 
celt £B> to an anserine tAl ?nd to a ganglion call (&} T together 
ultn a eynapsa t>aeX from tha amacrins process to the- bipolar 
awon.. ]n additJ&n^ anacrins-amacr i ne and amacr ine-gangl I on 
aynapsea are seen, 



- 
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FIGURE 1 
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called "horizontal" and "bipolar" eel I 9. There are probacy tuq 
Kinds Of horizontal tell, and there ere. four kinds of bipolar 
call. The horizontal ceH a- are di*t instil *h*d fry the size of their 
dendritic praceaae3 h uhich Cent act oniy COh**+ Th* ■large" 
horizontal calls contact about Yl conea, and the ""small" onea + 
about 7* The horizontal caN a*cne ccntact the rod spherules 
{Boycott and Dow ling 19G3. Knlb L370): the number of such 
contacts made by a sing la horizontal call axon is too large to 
assess. Th* horizontal call anon is extra** I y thin along moat of 
Its length H and is difficult to a tain in the primate. In both 
the rod spherules and the con* pedicles, the horizontal cell 
processes fori* the ta^g* lateral element* of th* Invaginations, 
and there are aluays tuo of the* for each invagination.. In th* 
rod spnerules. these tue aluay* corns from different horizontal 
calls, and In tha cone pedicle** this is almost aluay* true, The 
•ame horizontal cell tray however provide one of tha lateral 
element* to many of tha invaginations an the base of a sing I* 
cone* The number of different horizontal cells that contact a 
ft Ingle cone ia about Si the number of can tacts with nearby 
horizontal cells ia greater than tha nunber uith thcea lying 
further atiay* The number of horizontal calls that contact a 
•lngl* rod it alwlye tHD* 

The Other contact* uith the receptors arm made by the 
bipolar cefls, A firm distinct ion can he made Between rod and 
con* bipolar cells* Rod bipolar eel he never contact cones* and 
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vies versa* There dre Usually tua rod bipolar processes 
contacting a given rod spherule, and tfrtt* processes always end 
as the central elements of the inwaginat ion* (see figure lb). The 
number of rods that have aeen seen to contact a given rod bipolar 
lies belueen 14 end 4b\ the only other contacts made by the rod? 
are with other rode, and with zones; these are discussed below. 

Tha bipolar cells that contact cones can be dlvrdad Into 
three classes: midget bipnlars H flat midget bipolar* (recently 
discovered by Kolb) and flat bipolars. There ie one Bidget.antf 
one flat midget bipolar to ever^ cona. and each Hintf of midget 
bipolar cell contacts its cone at each of ite 2B cr so 
i nvagi nations (Kolb 13701 h Each so-called Hat con* bipolar cell 
contacts about £ cones. 

The central invag mating prcces* in the cone pedicle ie 
a I nays formed big the aidget bipolar cell. The lateral processes 
■re horisontal cell dendrites, and adjacent to the widget bipolar 
process are the tuo processes fro.n the flat midget bipolar call 
Ceea figure lei i there are therefore twice ae many contacts to a. 
cone from its flat midget bipolar Cell as there are from its 
midget bipolar. On either side of the**, and occasional I y also 
outeide the umbrella fff horizontal ceJ I processes, appear the 
terminals of flat cons bipolar cells. 

The invag ins ting structure in the rati spherules Is similar 
[ set f i gure 1 1 . 
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The ul trastructure of th* synapses that ue have been 
drseussing is intriguing, and has attracted much attention (see 
Cray & Paase 137LK In figure 2, there appearn a diagram of this 
•unapt* obtained from electron ulcroacop* Btudies that uere made 
uaing a stain that is specific for various parts aF tns synaptic 
apparatus. Perhaps the moat conspicuous fsature gf the synapse is 
the synaptic ribbon (sr in figure 21, uhicb la a half *aon 
structure about lmg by B.Sau. and abuut B.J33iiu thick {Gray A 
Fease 1371) T containing a protein [or polypeptide} that 1* rich 
In aranatio amino acids (Bunt 13711+ A ilmilar atructure ia 
present at other retinal synapses uhar* It ia alao known that 
there are no action potentials. It is thought that this ribbon is 
the analogue Of the osnse projections in conventional synapses*, 
which 'ay be concerned with guiding synaptic vesicles to their 
appropriate petition on the synaptic riBiiarane. Post-synapt ic 
thic*sninga are vislbJe en the part* of the horizontal cell 
processes cloaeat to ths synaptic ribbon, and there is no reason 
to suppose that thie synapse Is fundamentally different from any 
other chemical 9U,nap**> except for the peculiar fact that th* 
preaynaptic trigger appears it> be a hyperpol aH aatian. rather 
than a depolarlestion. (Thie and other ewhdence has provoked 
Toyoda t Nosek.1 & Tomita 19G9 to suggest that the vertebrate 
photoreceptor is actively depnlarissd by darkness, and passively 
repolariaed in light). The distance betuaan the synaptic gutter 
[sg in figure 2J. and ths top -of the midget bipolar procest is 



(a) 




11. 







FIGURE 2 




Legtndl to Figure 2 
Figur* 2a ihoue a tf Sacra* af a section &* a synapse from the 
mammalian c«r«bral Cflrtex, and 2b, Of a i*#thnal receptor synapses 
The ribbon h53 been cut transversely. The sbreviatiana used art 
as follows? 3(t> arclfprm density; b or bi T bipolar call process; 
cv„ coma ey Icaared) vesicle] cp, cienae prcjecrionj fct, forming 

co"ple« vesicle? h, horizontal cell process; ic*, vesicle uith 
thai I portion still atached flncompUta comple* valid*); ov> 
outer ro*J or ribSen vesicles? P+ poucb or pouch surface membrane t 
pat, postsynaptic thickening; jc t synaptic d#*t; if T shell 
fragments; sg> synaptic gutter; si, spec If 3c iccaTFtiee; an* 
surface membrane; ir h synaptic ribbon; ves or sv. synaptic 
vesicle; nd h dense undercoat ing ua\i of presynaptic bag+ (Proa 
Gray a Pease 1371, flgurs 1> + 



-' 
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about 0.2pu, and the diffusion tine for transmitter across such a 
distance is anal I camparEd ui m th* tins for the response of a 
con* to i loht* 

■ Soma receptor-receptor contacts art vlilble in most 
preparat i ana, but their number is YEry ssnsitive to the 
particular staining or ECOEdding techniques used (Douring 6 
Boycott 1366+ Hi sac t ten 13G5 p^SSK Such contacts may net be 
functional, in priuates. 

1 . 2 Ths 1 nner r f jt Irs I lauers 

The bipolar cells join th* outer plexifore Gayer to the 
Inner, - The tUO types. Of retinal cell that resids here are the 
afiacrpne calls, and the retinal ganglion cells* unich synapse 
with each ether, and ui th the bipolar cells* The fine details of 
the Structure of the inner p Hew] form layer are not as uell known 
as are thoio Of the cutsr. but a certain amount of informs t ion is 
avai lable, 

Boycott and Dof-lllng (19G9) have rswteued the previous 
literature, and have describsd ths following types of anserine 
cell in the urinate reiina. 7ne word "diffuse". In this context* 
refers to p^ocbssbs that are di str ibuted perpendJcufar to the 
sclera, and ths ward "stratified' it used to mean layered 
parallel to ths solera. All the cells that ha^e been seen tn the 
priaate retina have roughly circular symmstJ-yH The diameters in 
uhat foMowS refer to ths diamster ai tne spread of the amacrine 
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cell procaines, or of the gang I ion cell dendrites. 

- 

1,2.1 Ha awacriris calls 

IAL) Natron field diffuse amacrina cell a, having a' diameter of 
16-50«o + , average adcut Z5nu. , found all over ttie retina. 
(A2) Wide-field diffuse amacrine celli, having proceeaea that 
spread out gradually at they de*csnd to the level ne&r the 
ganglion cell bodies, and spread out there to attain a diameter 
of up ta GHflwu* The§e celli ari particularly likely to synapaa 
n}th rod bipolar terminal a, and are unlikely to contact th* 
gang I loo eel I bcrcJi**. 

(A3) Stratified diffuse amacrine cells* having a diameter of 20- 
SBmUt,. are restricted to the top, mlddlii or to the lower third 
of the Inner plexlfora layer* hut are diffusely, distributed 
uitnin one of them. A given stratified diffuse amacrine celt 
probably makes frequent., but not exclusive contact with a 
particular ganglion cell that has its dendrites similarly 

di str ibuted. 

- 

(A4| Uniatrati f led BJiaerint eel It, whet* diameter lies between 
130 and lBE?3mu. N extend their processes In the plane immediately! 
corneal to the inner pleyifnrm layer. 

tA5) Bistratified amac~ine cslls N with a diameter of about 
l@Bmu* t send her lion tally distributed processes to the planes 
corneal and scleral tD the inner plsKiforn layer. 
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1.2.2 Iba tffllflf ftn "Hi 

[GD Tha midget fling II on ceUt are of tuo kinds, one witr. 
terminal e in the outer third Of the inner plexifprm layer, and 
th* other M(tti terminals in the inner third. The middle third 
shqbb to be free of midget ganglion cell terminals. This fits 
ueM with the fcncun distribution Of the erdget bipolar terminals 
(ese above). There is probably a on*-tO-en* correspondence 
between midget bipolar BJid midg*t gang J i on cells. 
(GZ> Diffuse ^gnglion cells, dsndritic diameters ranging fre-m 30- 
75bu, tha ItHHar diameter a oc curing nearer the fovea h 
<G3> Stratified diffuse ganglion ceil*, UK* the stratified 
diffuee 3>acrin? cells, ex* diffuse within the outer ♦ middle, or 
Inner third of the plexiform layer* There i*ay be mora .in the 
outer third than in either of the other** Diameters range from 
4Jfrau near the fovea. T to BBsu in the periphery. 

(G4) Unistratl f led gang I ion eel la. occurring at all level b + have 
a diameter of about JflBmu., 

■ 

1*2,3 Tjift sunat^ea □£ Ibc inner c I exi form la^ai- 

the mo*t common synaptic cpnple* found in thi* region of the 
ratlna is the *o-ca1led dyad eynepse, (hi figure I)* At a dyed 
eynap»e + a bipolar cell contacts both a gang J ion and an anserine 
cell, and close by ths-re is (probably) a further synapse fron the 
araacrine cell back onto the bipolar terminal (DoMlIng and Boycott 
{1S6&))« Jn addition to the dyad synaptic complex, ama^rina to 
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am serins j and a»ecrine tc gen-[jlion dendrite synapses are seen. 

The pro port ions In union ths various typos of gynapse occur- 
In the huaan retina are roughiy as fa I low: 

the qaaplsx of dyad + anacrioe to Bipolar! 3 

amacrine to amacrine t 1 

amacrine to ganglion t L 

bipolar to amacrint soma : 1/12 
(from DDNling and Boycott 19GG table 11. 



2 Att&acts &£ Ftetinal philology 

]t would ba absurd to try to BLmmariaa the whole of th# 
physioLogy of the retina uhen such an excel lent eonograph as 
Brindl«v T s [1970} already exists! but It it Actually Impoieible to 
Dili t any summary altogether., sine* tht emphaait O* the knowledge 
that is required differs sonewhat frer* that of Br ind ley's 
account. Furthermore, a number o* important results nave been 
published si roe l9G9 h and it ia ccrwsnient to collect them 
tOg»ther foe- ease of reference. 

The photncba*i i atry of ths retina is fairly we I i understood, 
(see Brlntfley 1378 chapttr 11 T but the meant by which the 
chemical events provoke a signal In the retinal neurons, and 
indeed the nature of the inportsnt part of that signal, remain 
somewhat obscure. Ths most likely candidate, supported by recent 
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observations o* Penn & Nag, ins 1369 (rods}, of Tomita. Kaneko* 
tlurakami 4 Paut^er 19E7 [cones], and reviewed by Brindiey (197B 
pp5@-Ej4], is that photochemical evente affect the membrane of the 
outer sequent of the receptor? this causes a change in 
perneab r I ■ ty to potass iur* and/or to sodium this causes a 
hyaerpo lar Seat 1 on of the outer segment, which affect* the Inner 
segment by passive conduction, and the resisting signal causes 
synaptic transmission to the underlying retinal neurones. The 
dtfflcultias with this theory are firstly, that the size of the 
hyperpglarlsat Ion at the inner segment of a rod in response to 
one quantum would be about 100 ni crown Its: this is a tiny signal. 
And secondly, it Is a van then unclear ncu a single quantum can 
produce the required changes In the meBbrane of the outer 
■segment* 

It Is fortunate that the retinal calls of the mud-puppy 
frfec turns maeulosus are unusual ly target for this, has enabled 
Uerblrn and Dow I I no. [1963? to obtain Intracellular records of 
■any types of retinal cell tiee also Brindiey 1570 chapters 2 and 
3). These authors confirm and establish a number of important 
'acts* and these art Suflmar i sad next. 

2.1 Ine_ receptors 

The receptor response la a hyperpDlari eatlon, as uas already 

known + that consists of an initial transient which decays to a 
steady level] see (Kaneho £ Hgshiltoto 13B7, Toml ta 19G&, Na"na 
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1969, ToyOda *t al. L9G9, Uarblin and Dow ling LSG9] , Uhan 
i | Iubj nation is removed H there la a a-na I I *dH* trarfisientt 5™! 
the potential return* very utmly to the bate I in*. Th* latency 
□ f the response i a long - abOvt 50 mtett - and It* magnitude ie 
about 5 »V T a typical resting potential being 30 mV, There ere 
iuo Important points to note about the re-captor reaponse: 
firstly. It teems to oney the relation 

Y/vma* - I/(i + (ft 
(see Nalta £ Ruahtcn U9GG. 19G7) , Naka (13E9i , and papers cited 
jn i*ctlon 3Jh K is abQUt SEE quant a^roa/sec for humans). This it 
consistent with Utrblin & DoHlino/j report that the response la 
atBDst linear over about 2 log units after which it begins to 
saturate* because the stimuM have to be relatively strong In 
order to produce an effect Ofi the receptor that can be detected 
u I th an in traca 1 1 u I ar pl ■ cro-t I ec mode * Second I y * and very 
Important I y* it is independent of the illumination of 
neighbouring receptors [see alec To*l te U9G3) in fish), 

2.2 Itlfl horizontal csJla 

Th* horizontal cell response. I ike that Of the receptors* Is 
a suttained hyperpolarrsat ion that is graded with intensity over 
about 3 log units, it has a latency of about LBBmsecs In the 
"udpuppy. From the fact that the reeponss of the horizontal cell 
ie greater than that pl the receptors, and saturate a at higher 
intensity when annular rather than spot stimulation is uS6d T 
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Uarblln and Doul Ing concluded that tha reapanae is probably 
foraed through tire weighted summation of irany aitsa, each of 
which can fre ssluratedr 

2.3 Iha bipolar sal I response 

Tha bipolar cell receptive field la organised Into tup 
□□ncentric H antagonistic lOnns. -a-t>l i n and Douling report that 
about halt of thn uni ts hyperpolari ee to central Illumination, 
and about half depolarise; but that illumination of the periphery 
is capable only of removing part nr all of the aignal due to the 
centra, not of producing a signal in the opposite direction* 
According to Uerblin and Doul ing h tha magnitude of the bipolar 
response can ba herd conatant for a fixed ratio of cantra-to- 
aurround illumination over a urde range of absolute interns i 1 iea+ 
Since the latency of the eurrcund effect is about 100 nsect 
greater than that of the centra, heuevar« the dipolar response 
ccnsiats of an initial transient tn any change in i Muni nation 
av*n if there is no changa In contraat. 

■ ■ 

2-* lti£ awacr ■ hb chTI 

HithartO, all responses have Ccmaisted of graded bIqej 
potent iaiei the amicrins and the ganglion cells era however 
capable of sustaining action potentials. Tha threshold for an 
a^aci-ine cell spike it at least as ion as that of tna earlier 
calls, but pnly If tha Intensity change is suSflen* 0.y varying It 
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hI&hIj, one can increase the intensity many tisee ui thout 
provoking a regenerative reeponse. It ia particularly Interesting 
that Uerblin and Douling uere able to find two Hinds Of emacrine- 
cell r aspen Be: acme unite had vary breed, uniformly aanaitlve 
racsptive fields, and retpondad at "on" and at "off" to 
illumination of any part of tha fiald* Other* had narrow centres 
UBB-200nu} and larger surrounded these responded at "on" to 
central i £ iuminat ion and at "off H to peripheral i I lutiinat ioni To 
di f fuaa i I luminatlon,,. they apparently responded at both. V* and 
"off". 

2.5 Jhi ganglion eel I* 

Tha traditional picture of tha reaponae of a cat n i retinal 
ganglion cell it that presented by Kuffler (1953); Isee Brindley 
(1370 ppfil-fiS) for a rev leu of earlier uorkK According to thia 
pictura» the receptive field of a ganglion call ia circular, and ■ 
■ a divided into tup ccmcentric h antagonist ic regions. The sizo of 
the centre ranges bet Mien about ft<l and 2deg* of visual angle, 
end that of the surround is somewhat larger. The size of the 
dendritic trees of the ratine I ganglion ceHs agrees closely uMh 
that of the centres of the receptive fields (Broun & llajor iSGGp 
Boycott A Qowling 19G9J . fieri™, Fi tzhugh & Kuffler US57) found 
that When dark-adaptation is nearly cnnplete, the surround effect 
disappears quite suddenly, and ell lignts that have any affect 
upon b cell have the tine affect. This change i* not ■ I inked to 
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the Changs from cona to rod via ion that glvee riee to a number of 
other phenomena. 

The true picture is probabiy rather mora elaborate than 
this. In the I ight -adapt ad cat'* retina, three substSnt ial y 
different kinde of ganglion eel: -espenae can be recorded. Their 
discover art, exercising perhaps undue academic restraint upon the 
nominative proceaE. chrratenad thajfi X, V {Enroth-Cugel I & RobSOft 
laEtil and U eel la (Rodiock L9G7. Stone A Hoffmann 19721. Thee* 
categories are di-atinguiahed in a variety C-* interesting uaya. A 
rough grcuprng ie by conduction velocity of therr axons In the 
optic nervet V cell axons aro the fastest, OS-a/see 3n the 
periphery* 22m/ see central ty>; the X cells are newt (ISmMec in 
the periphery. IBm/aae centrally!: and tha U etllt are the 
a I Due at [usually <10ri/aecl iSt one & Fraesian 29711, 

2,5.1 Proper ties q± tf ce I I S 

U-cells, noticed first ey Rod leek [136?) and seen aigaln by 
Fukada (1971. hia tuo "'unclaasi -f led" cells}, uere studied more 
thoroughly by Stone S Hoffmann (19721. There are two hind a of Il- 
eal If the less common One, first described by Rodre=k K shous 
spent aneoui activity that ie euppreeeed by a I Boat Sou change In 
contrast. It appaara that such cells can be stimulated by a fast 
Object leading tha vrtual field at about 200 deg/sec h but no 
Other ati&uJua has bean found that ra^aaa their firing rate. The 
more coiuton kind Of U-Cell it. excited by any change of contrast. 
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A typical reeeptlut field is B.9 deg in diaaater. and the cell 
responds to a 0-2 dag Epot f I asning a/iyuhera in the receptive 
field. U call* may constitute a larga fraction of ths retinal 
output t and their a*nns probably projsct to the superior 
calliculua. (Seine unpublished unrfc by J.Stone and collaborators 
•hews that at I sett so»t W culls ars specific for stimuli moving 
In a carta in direction in the eat+ Thus the distinction bttuecn 
the cat and the rabbit patina may be ona of degree, rather than 
k)ndU 

2.5.2 Si- cells aojl I-fiiLLa 

The original distinction betueen X and ¥ cells use reported 
fry Enroth-Cugel I & Ration [19GE). It has been confirmed by a 
nunter of workers. Mho have Added to the list of discriminating 
proper tiea (Fufcada 1971 + whose type ] and type IE cells are 
respectively Y and X cells. FuHada & Sal to 1371, CI«land T Oubin S 
Le^icK 1S71J+ K BAd Y cells may be distinguished in th# following 
seven ways* 
(XVI ) hVjbpnse ip_ standing contrast 

If a stationary ilnusoldaJ grating pat tarn >a introduced and 
Hi thdraun at various phase anglsa, this response* of X and of Y 
cells are quite differed [See figure 1 of Enrotn-CugeH * 
Robson 19EE3 . The X-cbIIs give a short transient response uhen 
the grating Is introduced, and ths transient decays ove^ about 
200iasecs to the sustained level, which is na inta ined. The 
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respona* of this K-c-B I I it tat'i ly understood it it is regarded a* 
ths sua of a central and a larger antagonistic aurround rsgion+ 
both uith approximately gatrsjian weight ing function** Ths 
sensitivity of an X-ceJ I . Out rant Its response magnitude, behaves 
liki a linear function of the eppropr iatsly. weighted energies 
incident on theae rtglona. Conasquent lu, Its behaviour St a 
phase angle Of deg is the revsrse nf i te behaviour at 180 dag, 
and the responses at SB and at 27H deg are both nul I. 

The response of the Y-cell. on the other hand- consists 
entirely of a non- linear transient* The mean discharge frequency 
tor Y-cells is greatly increased uhsn grating pattsrns drift 
acrosi their receptWe tleldat thlt ii not the case for X-ceUs. 
IXY2J Reseon** ii Una, tnaxiflfl pr atln P B 

In agreement ulth their aasantlailu. linear behaviour, as a 
grating pattern moves across the receptive field, the X-ceil 
rsiponee ia nodulated about a mean, which gradual lg tends to zero 
Be the spetiaS frsquencg of tha grating is increased:* For i'. V- 
cell, on the other hgnd f the moving grating provokes en 
UTimodu t ated increase In discharge level that persists uh L I e the 
movemen t con 1 l nues r 
(XY3) 4iiEL eJ.f.ec.t3 fll stinjlation 

After stimulation lag a ncvino, grating, as described in 
IKV21 , the Y-coll response r-B turns to its nesting level. That cf 
the X-cellp on the other hand, is depresssd for aa much aa 30 
sees* 
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(XY4) SiEfe li recHntive field 

TUt optimal sis* of an X-ciH stimulus re usually 0.E to 1.8 
dogs in diameter* That of a Y-tall Is 1 deg or Bore* no Y-co I ! 
has been eeen u.1 th an optical size of fl.& deg or less, 
fXYS) Speed oj. m^ing st i nil us 

If a contractu target is moved vary fas-t (200deg/sec} across 
the receptive field, K-ceT I a- fail to respond, but Y-ceLLs do 
reipond. 

(xysj jbs, *ff«t ^ fiickT 

Tha average impulse frequency of X-callg ia inaenaitive ta 
flicker Over a targe range of frecueici ea. That of a given Y-ceil 
ia unimadal, centred on some BflKlum freojuencu value- The 
critical fusion frequency for a Y-caU is positively correlated 
with conduct ion velocity and with the maKisua imp.. :-i frequency 
for that ceHt neither of these is true for an X-cell. 
(KY7J Ibi oeri one ry effect 

nctluain't [L364. 1SSG) periphery effect t whereby retinal 
ganglion cells may be excited by moving stimuli mat are far 
outside their receptive fie ids at concert i onal I y: defined, was 
present for all ¥-cer I e„ but uea*. or aotent for X-cells (Cieland 
et al»13?lj* The fom that this, response takes is that any 
continuous movement nf a large abject tor [say 15 degt from the 
cell + a receptive fieSti, raised the ceil* a maintained discharge 
rate* 
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.2,5+3 4 note an the fate a£ £ and of ¥ eel I awo^a 

The- distinctions betu&gn K and ¥ cell* are apparently 
preserved by the lataral geniculate nucleus (Stone & Hqffnainn 
(1971), CI el and et el + (1971}). [In particular, the conduction 
velocities of optic nerve e*eri that converge on a given 
geniculate cell arc estoni shingly class (fl.l m/»ec) - a degree of 
precision that mugt have implication! for hou this particular 
developmental prcblem is solved,) Perhaps mora surprising ie the 
way these calls terminate in visual cortex. According to 
Hoffmann & Stone (1971 ) h at least 4BX of, eno perhaps all. 
couple* field ceHe in those parti of the cafe visual cor tew 
from uhlcti they recorded (area 17 and the 17-14 boundary} T are 
Hionotynaptlcal Ig driven by fast afferents from the geniculate* 
These are geniculate est Is that are driven by retinal ganglion 
Cells of class Y. They also fnund that cells ui th eimpfe, or nith 
hyparcompl ex. receptive fie Ice are not discharged by fast 
afforenta. and 3 proportion are discharged acnogynapt iea I ly by 
■low afferente. Hoffman & Stone's finding contradicts that of 
Dennsy, Bauwgartner & Adorjani II 353] , but It is probably 
correct, bacSuso of collateral evidence fron later studies, [n 
particular, in an investigation of areas 17 and LB using 
antidromic Stimulation. Stone A ureher (1973) found that Jiany 
geniculate V cells project to both 17 and 1&\ uhereas geniculate 
X cells project only: to area 17. It see tig that there are tua + 
parallel pathways to tempi ex eel I h: Stone (19729 has discussed 
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the relationship of His and Ho' f mam' a finding to the work of 
other investigators. 

2+6 The 1 ndenendence fl£ ih£ cagj and. qJ_ 1Jt£ th n ee C3.n.e channel a 

there ia eome evidence that the rod and the three cane 
channels are processed! independently {.see articles by A I pern 
1965, Gouras & Link 15SG, Gouras 19GG, 19G7, A^pern Rushton $■ 
Tori; 1973a and d, Uesthaimer 1971, Uestheimer £ Uiley 1973. and 
ricK&a S WMtJvtivtr 137BK Rectnt paper* ILennie & HacLeo4 1973, 
Bar I on & Sakitt 1979. aee also Brindley 1973 pp7G-3G) cast doubt 
on a nusber Df these findings* noueverj and although there is 
little information available ahout chromatic interact i on In the 
primate retina (Xubftl & W i tit I 13GBK it i*pj*eba*le that some 
interaction i a visible in primate retinal ganglion, cells, end 
certain that auch interaction teXei place In the lateral 

geniculate (Do Valois 1355, Hubel a Uitiel 13B6), 

■ 

2.7 Gain aut "la-tensu studies stS. Qanalion eel I* 

In tua papers, CI el and & Enrotn-Cugel t I19ES. 1973} have 
Started An accurate ntudy of the characteristics of tfte ganglion. 
cell response. Th&u found that the weighting function for the 

central excitatory araa of a ganglion cell had tna form of a 
plateau (the "uniform centre' 1 ! ui th exponentially flecreaaing 
sensitivity over ■ surround, ing annu I us. They also showed that the 
threaliold for sinusoidal stimuli at various diameters depends 
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only on the chereet*ri*EPC* of the centre, and that adaptation 
effect a for s-uth Stimuli depend on summation effect* acting over 
the same areas as the centre. 

The finding of the weighting curve for the nag incident flux 
eu»tnatea Ovar the central region enanled C lei and & Enroth-Cugel J 
U970) to define ttie concept of "effective fig*". Th* effective 
flux of an incident light *9 that f'c* Mhich Mould hate the seue 
effect if It all fatl In the uniform centre - that part of the 
central area where summation 1* linear. They tnmid that, whan a 
cell r-fjgponded with a pure central response to an incremental 
flux, applied against a steady .background, the gain and the 
latency were a function of the total effective flute of the 
increment and the background. In other NOrds+ the field 
adaptation level is set very quiefcly for such stimuli - it is set 
ulthin the re span se ting. 

It is interesting in this connection to recall Na*a & 
Ruth ton'* (1963) experiments en th-e effect of adaptation upgn o- 
potential Bi Apart from their Tain finding,* that the effects on s- 
potentials cf after-images and of rtai background! differ, they 
found that the effect of adaptation is To attenuate the receptor 
signals In sfrite fixed manner before they ever reach the a-uni ts 
horizontal or fc-lpotar c*3 I a, aee flrindley (197Q p.7&K Thus an 
Important part of the r-etinal aa i n-ss 1 1 1 ng •«nani(»* Me in the 
outer layer** 

Enrol h-Cugel J and Pinta [L972a h bl continued the study of 
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gang J Ion cells by Studying pure surround ^esponsea. Pure surround 
responaea could bo recorded from onty half Of the tested eel 3 5* 
tor reasons- of varying certainty; but on 6 OT 7 occasions, pure 
centre, and purs surround h and the c cabined rsBpcnses mbi - * 
obtaine-d for the sens cell 4s long end enacting e*perl mental 
process)* They found that en these occaaiona, the centre and the 
surround responses Interacted In e uey (net uaa probably 
algebraic, {Enroth-Cugol l 6 Pinto 1372a). 



■ 



3 Dark Adaptation 

The literature on dark adaptation is. ok tensive, and has 
become particularly controversial in the lest feu yaars. Thia 
suamary can start Py referring the reader to a paper by Bar I ou 
11964) , in uhich an excellent review of previous uork 1b given, 
and one of the tuo rival isodern hypotheaea Is proposed. 

Very brief I y, ths history of the subject up fD that time Is 
as follows. The oldest quant' Tatl*e relation,, knoun ainca Weber 
<1334> h le the ao-csllad LJeber-Fecnner lau (see figure 3). This 
ralataa the increment threshold to the intensity of the 
background illumination In the roll cuing wayi 

t/to • (I + Io)/Ed (1) . 

where to is the abac lute threshold, t the increment threshold, 
I .is the intensity of the background i I funi nation, and lo Is a 
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constant, associated uith the barngr-ound. noise levels in the 
retina. The conditions under uhich the Weber -rechner law is true 
are someuhat complex [Bar I en !9&7} n but roughly speaking, Jt it 
true *or stimuli of l&r^e area (5 degrees) or of long duration CI 
seel presented on a background that Is at least 1000 fines 
absolute tnresnpld. For st 1 »ul i that are eeth short and small, 
on backgrounds that are less than about IBhBBB times threahald 1 
the measurements are ue I 1 fitted by the relation 

tVlo - (tl + lo]/Ia)*frL/2 12) 

which Barlou Interpreted as the optimal criterion for extracting 
a signal from a noisy randan variable with mean [[+io)/]o+ The 
relation (2) for small signals it pleasing, because It can be 
understood: relation EL) i S however altogether Surprising, 
because almost all otfo»r sensory (sodalities havo threshold 
relations uhlgh Involve the log of. the background signal* Al MS 
shall see, thi< reflects the fact that over an enormous range. ■ 
the output fr£4f the visual receptor s ie appro* inate ly linear uith 

the incids:;: errrgy, 

The second quantitative relet i o-n that has Hn***n since the 
work of Crauford (1337, 1347) h-as that varying ris/gree^ of 
bleaching of receptor*, end varying level e of background 
i I J um i nation, have very similar effects on the feeasure&ienit of 
i ficrsm s-n t threshold for a flash {see figure 3)< 

The theory Of tht Sff*ct on increment threshold af an 
immediately preceding Bright light had alrsady passed through a 



Legend to figure 3 
Increment threshold plotted egairst Ome since a bleach'urg 
stimulus, and egalnst the Intensity of the background 
i I luHlnatian. The straight portion of the latttr Curve is the 
Uober-F«chnar ritatisn* (From CraHford 1347 T figure 7,} 



log threshold (c/iiq.ft,) 
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number of stages by this tine. The wIIhI Mrieua attempt to 
think about It ua« probably the simp Is photochemical theory, 
nherefcy the raised increment threshold was attributed to the 

h 

reduced sensitivity of receptors after bleaching by light! 
According to this thfrnry, if t ip the threshold uhen a 
proportion fl of the rhodopsln is bleached, and to is the 
absolute threshold, than t/to - 1/U-B). This theory ties 
■already sufficiently discredited in IS3B for alternative 
explanations ta be sDugjit, and net finally most directly 
disproved by Rush ton [L9Glf + using a technique whereby the 
fraction of rhadopsin tnat nas pleached was measured by direct 
observation of the living retina* 

[n 2948, L7thg.cs observed that in order to cause a very large 
change In thr*ihcld, only a snail ancunt of pigment needs to be 
bleached* In fact, when B-l/2< the increnent threshold for cones 
In humans lies between S& and 500 tiftea ths absolute threshold* 
depending on the also of the last flash. From about this: U»e, 
therefors, adaptation uas held to bs organised by a neural 
mechanisB of a suitable, but unspecified nature; and this vieu 
had ths tespor&ry sffect of relsaaing investigators from any 
Obligation to- define this methflnism with any precision. 

Lythges^s observation, about ths disproportionate effect of a 
shall amount of bleaching naturally raises two questions: 
firstly, doss ths threshold of an individual rscsptor (rod say) 
change very »uch for moderate ttay ZEIi] degrees of biaachino? And 
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secondly, are the outputs of receptor 6 pooled in spi»e uay, 
threshold deepens being then taken in the light of information 
about the activity in toe pool an a whole. The neatest (though 
not the ea-iiest) answers to these questions were provided by 
Ruahton & Leathern-en (L'3£2) N and by Ruahton [I9c£at . It uas shoun 
firstly that *h* threshold for perception apparently chaises 
drastically, evert when the flash falls Dn rode that received few 
or no quanta during the bleaching sKposurfln Hence the threshold 
Betting pr0CCS3 must be the result of a sanation over some kind 
of pool, whose result operates in a uniform way on signal a from 
the receptors that contribute to that pool. Second ly, us I rtfli a 
grating as a bleaching and as a test stimulus* and by varying th* 
phase relatiqn between the two situations, it was shown that 
there is no apparent difference Oetween the responses of rods 
that have and nave not been previous I u a leached* The Accuracy of 
the grating e^periient of Ruehton £ Westhelmer [19E2) has however 
been questioned recently (BarlOM 4 Andreue 13731, who found that 
although there e*iite some elevatidn of threshold by pooled 
signals, Jt is nowhere near as large as previously reoorted. 

In a welcome reaction to the imprecision of the neural 
"theories" of the L943' s, Halo (1355,19571 hr&bnsBd" a neM and 
quantitative theory of adaptation. It ties essentially a 
•compartments I ' vereic-n of the o I der shotochemicaJ theory* 
According to thie idea, there are a minder of compartments in 
each of uhlch there ■• J chance B that a given molecule of 
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rhodOJJSin uill be bleached by e^DOEurs to the I 'i cht-adapt ing 
light* B \t then the fraction of rhortopain bleached. H k ia 
the number of ItiO I ecu lea in each compartment, then the probability 
p that no molecule is bleached it 1i-B}<Hifc. It Is assumed that 
If a mo I acute is bleached, the uhaie compartment becomes 
refractory: franca p«t/tfi. 

i.t, \/%B - p - U-Btswk - SJcpliB) far ana H B, 

This theory is precise, attractive, and genera ted many 
fruitful experiments - evidence of iruierent virtue firm enough to 
withstand even the feet that thoee experiments also effectively 
disproved it. Bar I dm [1364) lists the reasons why the theory 
cannot now be held, and pointe out that i t e valuable legacy Mas 
to cause the relation 

loo (t/tBJ - kB (3) 

to be established empirically over a large range Of B (in 
particular for B near 1, uhich we.* not predicted Uu the 
compartment a 1 theory] (Bowling 13BB En the ret, Flush ton 1361 In 
nan). 

BarJou then presented his own characteristically elegant 
appraisal of the situation. The problen ie to explain the 
formulae CI) and (3). In effect his hypathesis is that the 
receptors are noisy c-e vices., anc that khen they arc bleached, 
they become yet noisier. A receptor that ie bleached en He a 
si goal that ie indi stlng-ji fhetole from thai uhich it eaits when 
receiving light of an intensity Ift, Where Ift"*j<p(kB>+ for some 
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constant k* Tftia explains equation (3) a£ove; and if ue make the 
further hupG-thesi * that in ths case where there Is rea i Sight of 
Intensity [, falling on $ receptor that is bleached 3" amount 
B* tha O40 signals should add, than the Increment threshold t/to 
should bo- g<vtn b-yj the fornula 

t/tD - [] + Ib)/lo t uhare lb - lo,e«p(kB), 
This is found to be correct, Perhaps the most convincing evidence 
for this theory Is houever contained in the result* o* Barlou and 
Sparroek E19G4), In these Experiments, subjects had to match the 
brightness of an after- ineo.* againit the brightness of a real* 
staftijlsed background illumination. It uas found that the results 
fro* this experiment matched those froa increment threshold 
curves obtained from real and after- image backgrounds- These 
results, and tboas af a number of Other ifweit i gatore, including 
the remarkable findings of Crautord (1337,. 1347) Oh the 
equivalence for increment threshold of bleaching and background 
r 1 1 urn initios are therefore explained very neatly; by Barlow T and 
al I are agreed that the neu theory capture* Winy facet* of the 
experimental results- 

But not a I I of them. Before discussing the except ions, it is 
convenient to not* three facts about Barlau's theory. Firstly*- 
the high rise' in threshold that is provoked by relatively small 
amounts of bleaching is attributed to an inherent property of th* 
recap-tors - their unfortunate increase in noisiness. Sscond*y. 
lb, the equivalent background light produced by th i * noisine**. 
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is i*aginad to be total I g insist inguiihab I e from the signal 
produced by a real background light (stabilized on the retina) of 
intensity ]'a. There should! therefore be no observable 
differences between these tuo cases, ana in many respects this ia 
tru** Thirdly* Barlou hinself comwints on the odd fact tftat ths 
intensity lb Of the pssudo-s ignal varies u i th the execnent of 
the fraction B of bleacned pigment. Bar Inn mentions some 
possible nee nan i sits for achieving the exponentiation (his p,57) 
but is Clear J lj not Coup lately happy about ths Hatter* 

Meanuhi1e h Rushtcn had been pursuing his investigation aipng 
somewhat different lines, Fuortai and" Hodgk i n [19S4) analysed the 
potentials recorded fran cbIEb in the ormatidia of I iniulua , and 
defined a model that accurately describes the values that they 
found* It turns Out that the same model describes threshold 
relation* in nan, and it is therefore important to sketch It here 
{see Rushtcn 15G5 FL) . [n this model, the attenuating nechanisB 
for signals from ths receptors is regarded as being a leaky cable 
of length s end isakineas a' (see figure 4aJ* The si gnats front 
the recap tori- [J at ire consider the rods for fiDoi} pass through 
this cable, and the output serves tuo. functionst one is to form 
the transmitted signal of the system* and the other Is as a 
feedback that determines the value of tne I easiness a", tf the 
output of the System is Y h * than the equation of the system 
(assuaing that the ce&l* Is coen-inded and exB(-2a' a) «1 > is 
V - re*p(-ss + J l*» 
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Legsnd to f i gura 4 
Figure 4a 3 nous tne cable node! drawn upon in the tevt: figure 4b 
1 I luttrstt* the ttii^jlu* for ftlearn's cortrast-f lash effect. The 
tost flash >. an background v t occurs urth surround flash <*- on 
3 surround background 0, F + P, is the fixation point, causing A 
to fair &degs temporal to ihi fo**a. 
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I" i» th« input signal {which varies directly Hlth ints^sity Over 
a considerable rengs) from the receptor** Inaertlng the faed- 
baek H ue get a n -a0+alVl T uhere aB srtd al are constants. After 
appropriate choice of units, this becomes 
I - V**bIV) (5) 

Ruahtan then ewaained th* predictions that follow from this 
model In the various thrsthold sxfjsri merit s. He first flhoM* that 
the Ueber-Fechner lau can be derived (but only appro* i ma t • I y } t 

dl/dV - BKpCVJ + VenplVJ - exp[Y} + [ (E) 
Assume that I attain? threshold by causing dV to reach sobb 
value dVg; than with I - f 

to - did - dYo+ixptB} - dYo 

Now Ihere It the disturbing appr p* i ma 1 1 on| over- the 
relevant rang*, It turns out that to UltMn 0.1 log units,- 

logteKpm 4 I) - lag (1+1.21) 

Hence t/to - 1+1 -21 It is the increment threshold), 
«hich la the Ueber-Fsefmer law In slightly changed unlti+ 

Sd tar then, so flood. Ihe Interest ot the moss I however 
attaches to It* trtatnent of bleaching* Hushton points out that 
the effect of beving, tfeachsd a fraction E Of rhodopsin Is 
equivalent, for thrSsincId purposes, to a background light of 
intensity lb. whers (10+io/]0i-BN:p<kB} for some constant k, 
Remember that this was the observation of Crawford's that forced 
this Central pivot of Bflrlow'B thsory. As R'ushton repeated. It Is 
■est natural to assume that the Equivalent background light lb 
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enttfrg the system thrgjgtl tht Bams path 3b be for ft, and with 
Intensity J8(s*p<kBI - 1). But In a conversation u i th ftushtohp 
Hodgjkln apparent iy pointed out that a mors elegant formulation 
results If oris assumes that tha effects Of bleaching enter the 
system through thft feed-back path, rather than throuph the inp<ut. 
Ths delight of thi« idea it that it remove* til* irritating 
necessity for raising the bieacbiny signal exponent ial ly. 

In thl* case* tha eitprMsion 4&j becomes 
V - rtxp-tss,* + r 4 ") . [7] 

uhar* r ia the signal from the bleached rhodopsin entering the 
feedback added to VI. Repeating the derivation above H one attains 

I - V**p (V + $ } (S) 

(where p^ebout 456 in humans after suitable choice of units), and 

d|/dY - I + ettplv +0\ Ol 

which reduce In the unbleached condition (B > fl) to equations (51 
and {SK 

One Of the moot attractive features of Barlow's formulation, 
In which the n 1 caching signal enters through the same path as the 
light signals* is that the equivalent background due' to bleaching 
if **p*Ct*o" ti-ffiply to add to any luminous backround that is 
present, ftushton notes thi§, and attacks ulth yigour tha 
question of what his neu hypothftftii predict** Hit argument, a 
construction of some elegance. Is the foil qui ng. Consider tuo 
atatcft, represented by subscripts 1 and 2, that givs the same 
output EV1-V2), In state L + there is bleaching Bl, and in th* 
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Bscandl T full regeneration hat occurred (B2-0k Using 18) and £9) T 
ue gat; 

[1 - #«ptfl>»12 
and (tl/tB}-flxp(^l).(tZ/tei 

Where ti/tB - dIi/dY0 h and dV0 - tS, the threshold value 
required for perception of the output signal. 

In other nor da, if the receptora are bleached an amount Bl r 
the Increment threshold curve for a background of intensity II 
ia the same as the increment threshold curve for an unbleached 
receptor t displaced en amount ,di along the Fee toner curve (see 
figure 3L This is a perfectly valid Interpretation of Crauford^e 
results. Finally, to explain the rssults of Berlou and Sparrock* 
one needs to aaautie on In that perceived brightness correspond! to 
the quantity V+£i the derivation Involves the approximation ua 
met abcve + but otberuiee it 'c-afes acceptable. 

The fiushton theory and the Barlou theory thus differ in 
visible effect only in the place at which the bleaching signal 
enters the system. Bar Lou' a theory asserts that it enters along 
■the sane path as the light signals from the rods, and flush ton** 
theory assert 9 that It enters through the feedback. Any 
phenomenon that distinguishes exps-r i menti 1 1 y between the effects 
Of the bleached signal {"pseudo light"? and its equivalent 
[stabilized] raai light la evidence against Barlou 1 a theory: and 
it turn a out that there are a number of such phenomena, though 
tho-y ftrt a&meNhat con trover a i a] . 
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Firstly* Hushten U9E5b) ueed a perforated screen through 
'uhich to deliver a bleaching flash* The increment threshold* 
predicted by the tug theories \n this ease are different! In 
Bar I ou' t ease, they tnould vary hi th the 5 eg of the average 
intensity of the bJaaching signal [taken over the whole field of 
vleul] and In RuEhtcn" s cass, they should vary with the average 
of the log. Rushton denonstrates that the latter is In fact 
observed, but Br I nd ley (197-8 p,lS2J points out that Ruahtori 
failed to Control eye-nnvements t and eye movements tend to ba 
very Important in this kind of ewperlmenti 

In the jane year, Uesthelmer {13E5> had observed that tna 
threshold to a snsM (B,ldegsl stimulus p, concentric with % 
brighter region tnf size d say) on a l2oeg diameter background 
b. varied ui th d: increasing d beyond EUTSdeg lowered the 
increment threshold to the small spot. Teller* Andreus b and 
Bar I aw (196G) confirmed thia surprising finding,, and showed that 
it renamed true for stabilized retinal images, was the i me-" (1SS8> 
then revealed that the effect is no longer present if either Of 
the larger stimuli coneteted of bleached receptors (after images-) 
instead of the equivalent real light. Uestheimer concluded that 
the difference postulated by Flu eh ten. between the Channels used 
by real entf by p-sevdo light, heeds to be nsintainech 

]n L36£, IhU other papers were published that support this 
vjau. Ernst (I9ES) found that a real. light background permits 
better resolution of iuper l*pos*d flicker than the equivalent 
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degrtit of hi caching. And In an SlSCtrOJJhysi ol og>cai 
investigation, Naka and Ruthton U9E&> Shoi-ied that the effects Of 
bleaching and of background on non-co I our- sens 1 t i ve e-pctentials 
in fish are vary different, and that this uas true In both 
specie? that they investigated, further more, it appears that the 
great change of sensitivity that accom^ani es dark-adap tat Ion has 
already occurred oy the time the s-unltS have been reached. 

(Other evifltncs (tea orindlsy p,7i) euggesta that th# s-urits art 
the horizontal cello; the conclusion of Wake and RuaMon Mas 
demonstrated only for long tltpsa; ths behaviour of transients uas 

not investigated - indeed it it vtty difficult to do so, owing to 
the high frequency attenuation produced by the necessarily! high 
rnpedanoe of the tiny siicro-el ect«-©d»* that have to he used in 
these e tudi esl . 

In his symBiary of this state Of affairs, Brindley {LS73 
P>1S3> comae out Strongly against Rushtcn H s idea of tuo channels, 
astftT ting that same combination of Bar I ow" s and of the early 
photochemical theory should suffice to rescye the situation* 
Grind ley's reason is the very sound principle of biological 
economy, I quottt "Rush ton's suggestion explains his own 
observations end those Of Usstheimsr, but on grounds of 
bioJpgical economy it is as unattractive a notion as Barlow's is 
beautiful. Long-lasting insensi 1 1 vi ty after qui te snail degrees 
of bleaching is a wholly disadvantageous property of the visual 
eystam. Barlou attrOojtes i t tc a regret table but unavoidabl* 
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feature o* the organization of rods and coneej Ruahton to an 
inessential feature, fairiy couple* and altogether harmful. One 
HCuld ha *e eaaectid such a feature flavor to have evolved t or to 
have been #1 in mated by natural selection if it did evolve*" 

This it a strong caaa: ita key point t however, I i es in the 
word Inessent'fll * If UB can t&tabSilh that two channel a H far from 
being a waateful and useless feature of retinal organ i sat 5 on, «■*• 
actually a consequence of ita proper- functioning, th* way Hill be 
clear for us to accept at lea at spue of Hysh ton's theory* Perhaps 
I may be permitted to quote once »ore, thii time from Bar Inn 
(1954) where he stakes S euggaation far a raeqlut/lon to be patted 
by the InternatFonal Conference of Ophthalmologists. It If that 
■Apparently ma Adaptive features are slninooatB to visual 
aeehBrtltma awaiting discovery". In this caaa, the visual- 
nechenisme concerned are thoae related to computing lightness 
{see section 4). The prelect theory Implies that there are 
indeed two Channele tin di sagreemant with Barlow), but that the 
eecond channel cannot be used to control attenuation (in 
disagreement with Rushtan) h because It dots not appear until 
after the attenuation hae occurred, 

At a time Of life when most seientieti are content to relax 
on the eidellnes Of their suoject, RuShton ha* continued *d 
purnue his Choaen field with undiflinished di-eti nation and vigour* 
In 19SS+ A I pern (19ES> discovered what re called the "contrast- 
flesh" effect: If the centre af a visual field is Illuminated 



Llghtneas and the retina 45 



uith a brief flesh \ t and a concentric annulua with a flash <* , 
then the presence Of <£ influences the thraafiold far perception 
of ^ in I certain usy (tts figure 4b]. That nay uill Concern us 
Later, but for now, wi nesd to note three point a about the 
contrast-* lash effect* 
{ 1 ) Rods and cones act indsoenDEnt ly in this effect: there 

is no Interaction between then. 
Eli] The effect is not caused by; simple distraction 
flii) flgst aurpr i a i ng I u t the disruptive effect of the a ur round 
flash + fa varg Insensitive to rts e*act aiming 
relative to \ r <£ can occur up to 50 naeca before or gftsr \. 
in an adreirabis col I adorat ian> A I pern and Ruahton I19E7) , 
Aloern, Ruahton and Tori 1 H97Ea H i373o) used tne contrast flash 
phenomenon to establiah a number of Important result s T The first 
task MSI to examine the ef facts of adaptation on each and on both 
of the region* In the contraat-f iaah situation. They found 
essentially that the sa.se relation holds as Alpern found in the 
unadapted state, provided that the values of X and 4> in the 
unadopted atate were replacec ay sensible analogue measures for 
the adapted state- More precisely It tht curve for the 
unadapted State ■ • 

y-/\& - tffotte) U0 and *B dsing absolute threshold*) 
the situation for *h* adapted State it ■ 

^{u.XBJ - fWyv&ffl, 
Hhere u and v measure tha thraaholds for the current . 
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adaptations! states of \ 3nd * respect i ve1y + Non h by the 
Fechner relation, 

and v-(++*B>^0 

In □ thai* Harfl*, thn rfliulte of th'ia axperinant have thn following 
interpretation* What viae happening in the Lradauted atate wee 
that signal? from \ and from + uera Interacting at some 
stago* before thay I aft the retina on their nay to the brain. 
The enact far* of this interaction does not greatly matter, but 
it is described by the function f. After adaptation, the 
Interaction betueen the two may be regaroad a a having the same 
form f, provided one aasuties that the signs I ■ \ and. 
■I 1 are first attenuated by an anount that depand-e upon the local 
adaptation atate, according to the formula thB/fth + th01 + 

The ne«t pair of papers (Alpern, Huahton arid Tormil 197Ba 
and bJ aaked uriat uas the form of the signal that was attenuated* 
In the first o* these, the experiment was conducted in the 
unadapted condition and consisted nf varying independently the 
area and the luminance of the eurround region + * To their 
carefully simulated aatoniahment, they found that whatever the 
forn of the algnal fr-tju *■ that interacted ui tb X to create the 
contmst-f la»h phenomenon, the size of that signal varied with 

the total scoKjjplc energg Incident on the iurround. This uas true 
over a large range. The exact forrtula for the nerve signal M it 

in fact 
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H - */[*+ * J (181 
Mhertf ff la the size nf incident Igrtilnance that 91 ves half the 
saturation value qf H + In f act N ff hat tha value of 300 
quant a/ rod/ eec: hence over a considerable range [e.g. 1/100 to 
J 08 quanta/rod/ sac) the a i gnat N is effectively linear in 4>. It 
is pointed out by these authors that this relationship also 
describee the results of many intra— eel I ul ar Measurements nade In 
r*tinaF wlls fNaxa and Ftiianton l3£$ t Naka and Rusnton 19£7i 
Tomlta 19S-5, Naka 13S3 (a **ry accural* study) T Uer&Jin and 
DoulEng** 19$9 curves!. 

Combining the results &* thete and. the previous experiments, 
dna derives the final re I at inn for the size of the nerve signal 
for stimuli of large arsa and of long duration in the adapted 
•tat* to b« 

n * irtft*+*n.i 0B/{* + $sn cm 

lln the case uftere the racept&ri are bleacha-d* $ ■• the 
equivalent bacKgrnund light!. 

In the accompany; fig paper, Alpern et aL (1970b} uaa all the 
artful tricks available to these experienced and ingenious 
invest ija tor* to verify that this relation holds over the entire 
■ ntene.i ty range. 

The newt problem it to apply the sahs technique* to the case 
uhere the background )i replaced by bleached receptors* A I pern, 
Rushton £ Torii Q57Be) found, that their results w#r* ue \ I 
fitted by the equation 
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Hhers b - lft*&12S. and B i* the fraction of pigment that it 
blsacheeL (12) reduce* to (11) when B - fl, Thl* equation wat not 
tested for backgrounds consisting of a coitii nation of bleaching 

and of reel I ight* 

■ 

& note an Jhj, digaopsarance of stabilised i utaas* 
1 1 night be thought that this phenomenon »f the disappearance 
of stabilised images uould have aroused a great deal of 
•peculation and experiment* Uhile it hat been the subject of a 
number of papsrs, (Bar I oi+ 1953], there has been turpr I singly 
little content an the neceaai ty for aueh a phenomenon. For 
.clearly, on Bsriou 1 s theory of bleaching signals, sqaething haa 
to be dent about all the in ages captured by varying degree • of 
bleached pigment on the retina, otherwise dob would have 
considerable trouble trying to »■« real images* Evident I u + tne 
introduction of some fairly related condition on the time course 
of retinal signal a, sufficient to enaure that entirely stable 
images d i ea^uga-ed, uould remove the irritation attendant on 
their continual presence without undue burden on the cerebral 
machinery that Mutt allow for aye-movements, 

Aa far as I an auare, however, only one pap-sr haa been 
publish ad recently that bears upon this topic. Carpenter {1972I , 
remarking upon an observation bu E. Darwin (1794) h examined the 
perception Of after-j mages on backgrounds of different kinds., Hie 
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findings, are the following* For an after 'mage, a background 
lumi nance can aluayS be found (after 36 sees-} against uhlch the 
after image disappears (revsrsibly) . Kb callsd this luminance [e* 
the eclipsing lumlnanos, and found that le depends not at all on 
properties af the bleaching signal that caused the after-image, 
hut depends wholly on ths immsdiats history of the background 
lusinancs, Essentially, ha found that, If stared at far long 
enough, ang background luminance I Becomes the eclipsing 
luminance He suggested that tha signals that fore the input to 
Rushtpn's devices ought prcperly to bs viewed as the time 
derivatives of certain quantities' that are intimately associated 
Mlth processes in the receptor and el severe, and he proposed a 
mod#l that hat a number of attractive features. Hauevsr. it 
fails to explain the cass af changing frD» J loner to a higher 
background luminancs (indssd from hit plotted results* it is 
almost as If the ege fails to change under tness conditions). 
Carpenter's model is interesting,, houeusr. because it postulates 
the existence of an intermediate photo- product, whose 
concentration is the "bleaching signal - reCjUired by/ the ftushton- 
Hodgfcin model* 

Final I g, nent ion must be nade Of the interesting paper by 
Sherpe U972f h uho studied the visibility and fading Df the 
entoptic shadows of retinal blood vessels- He shoued that* for 
perception of fine detail, the slou dMft of the shadows across 
the retina le essential* whereas tp see cparser detail, the 
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.contrast need only oo temporally modulated, H* alto fcvnd that 
th* rise in contrast threshold of the pattern of Bhado+i* as they 
are viewed is r.artialty binocular I y transferred, which prows 
that Bone of the perceptual facing has a central origin. 



4 Land's retina* Mthod 

intensity it the product of illumination and reflectance. 
The visual systan !■ really Interested in reflectance! and go we 
are Interested In studying mcthadE; tnat can extract j* ft f I ec t ance 
from measurements 0* intensity ► Lightness is en approximation to 
reflectance that is oased on th* usual iy valid assumption that 
changes in reflectance are discontinuous, uhereas changes in 
illumination art gradual < Th» retire* it a uay of extracting 
Jightneaa fro» information about intensity. 

Land has characterised triia operation auf f i c i ent ly for a 
computer program to be written that can simulate it, 3nd the 
description of that prograi is roughiy as tot laws. Given a 
picture that loots lite one of the works of Ftontlrian h the 
computir moves over the field In a paiudo-ranttoi* aalk, measuring 
the luminance of each point* as viewed through a filter of an 
appropriate kind [red + blue* or green}. At each point, the 
program notes any discontinuities in the luminance, and Ignores 
smooth changes that will commonly b* due to changes in lighting 
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rather than Change* in reflectance. The system then use? the 
record of di scant inu'i \i S5 to Integrate back to the Origins J. Thus 
the Output free the r»l!ne* Operation ia the same as the input, 
except that the effects, of sIoh changae have been eliminated, 
Th i a ia dene independently far all three colour channels., and! the 
results are then combined ul th ac-Hfi suitable normal I sing 
const ante to produce the final, computed colour- The relation 
between the output from the three channels* and the "correct" 
CO-1 ours in the scene 1 can be set hy the viewer if he "knows the 
colour Df" (can assign an internal colour nana to) some objects 
in the scene. 

Lend It careful to point out that the Ret In** operation 
should not he vlaued only at an a i d to colour v|*lon« the 
variability in illumination of monechro*Bt lc scenes ia such that 
the- reHnew process I* ;USt 39 1 nd i spenssto I e to seeing the>i t In 
conditions of everyday Ufa* This ia borne out by th* great 
trouhle that must b* t*k*rt to achieve correct lighting even few- 
black-and-white teisYlilen. because ;» retlne* operation ■« (ait 
present) performed before transmission of the picturep 

Horn's a I nnr i thm f£r *he. Re 1 1 nen effect 

The i mp I em e."i ta 1 1 on given by Land for hit fistlnex theory it 
unsatisfactory firstly because It it not part leu lar ky easy to see 
exactly what is happening frpi 1 t$ and secondly because it 
relies an cover j rig the flOfldrlBnl b\j a tuf f lc i en t iy dense randan 
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uaik, which la a Somsuhat massy process* Horn, in a companion 
paper to this one, has shown now the ratine* function may; be 
computed by a uniform procedure, It la sa»u to understand, at 
follows. Uhat Land requires from his retina* process is that it 
measure local gradients., and accepts only discontinuities* In a 
discrete space, this corresponds to measuring local contrast and 
applying a threshold to it so that aaeunts that are s»s! I enough 
to be due tc gradual changes in i I I un inat i nn are ignored, and 
the larger ones, are let tnrouyh.. 

The oeauty of Horn's algorithm ii houe^sr that it has such 
an easy invars*. Urite x far the output fron a raca-ptor, k'' for 
the output from the- gradient Qpsrator T *" for k* after a 
threahold has been applied* and *s for the final output. Then if 
N[m) denotes the nei&nsour* of jc , the aquations ere as fallow! 
* h - k - 1/n^ y CI) 

NOO 

*" - x' if j« h |> threshold t [say! (21 
- 8 otherwise 

ma - x" + 1/n ^ yrt (31 
That these are inverses *3y t>t sewn: at foJ (Out. Tafc» a point 
source, with G neighbours arranged hexagonal ly round *r» 
Then K-l t yi«0 ti-l,..u,6], and 

w'^1, ■ y + i - -1/6 ( I -L* *..,£} 
and xft-»L T yiV-0 is a solution to 12), for boundary conditions 
that are zero everywhere. The solution it unique, and th* two 
transformations are inverses for point sources. Since any 
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luminance pattern mag be rsgardtd as 3 linear compi nation of 
point sourcei, the trsosfomat ions art Inversss in general. If a 
threshold ia intarpo&ed, ue replace *' by k" aa in [2) above, and 
the affects of tl«w changes are removed* Computer simulation of 
the effects of this are gri/en tig hern [19741. 

Thus the re tine* operation may be performed by three Etagca; 
the first takes local diffarencaa: tha newt Stage is 3 threshold 
operation, where the si« of the threshold le aet appropriately; 
and the third, reconst 3tii t i no, stage 1* easily performed by; a 
reai stive network. The threshold nay be set by looking at the 
gradient histogram* and choosing tha threshold to eycluoa the 
central peak. 

Thie algorithm looks mieh lore promising for iaol ementat ion 
in biological harduare H and it represents an important step 
forward. Aa ue ana I I sea, hDuaver, it is not quite correctt but 
it has probably brought ue to the brink &f being able to relate 
part of the function of tbe retina to its etructure. In the reet 
of this essay, I en.pl ore tne consequences of ieauming that the 
retina performs something like the retrnex compu t*t ion* 



PAHT lit Tn* operation of SH* light-adapted retina 
in tha absence of significant bleaching 
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L General Considerations 

In conditions of *dderate 1 1 Supination, the retina Has to 
comnute the r»tin*x function from it* i rtp^J t «. and present the 
answer In fl Jo-re that la suitable for transri aaion along the 
optic nerve* Luminance Is the product of reflectance and 
1 M Ultli nat i (*n h and lightness Is an appro* i mat i on to reflectance, 
hence ir> order to remove the effict* of illumination by a linear 
process* the computation must be per f Dread on logarithmic 
■eaeuret of brpghtnett* Because there are- a number of nethods 
that could be used for computing the retinex function, the 
anelytli of retinal structure aust Us preceded by a brief 
d i scu aaion of the con e tr a i n t e dictated by phyS i 1 og i Cd I 
conai derat i on a. 

. 
L.J >ie. need fgji attenuation 

The receptor reeponee is what RuEhton tails an B-curve 
(1/M+lOL and so ia nearly linear over a largo ! oa intensity 
rangei CeJIs. that transmit signals using spikes probably do not 
ahare this large dynShic range, 90 in addition to the retinax 
process, considerable attenuation of the signal muet take place 
at some stage- Peychophu-eicaa av 3 dance relevant to deciding uhen 
the attenuation ta^es place ia discuaaed in section, 3*5* 
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1.2 Separate channe I a SML Positive and iflL negative- signals 

Nervoua element? can t ran 51* it only a one-sided response. 
Hence If a number thait can be either positive or negative ha a to 
be signalled, either tno channel* mist be used* or zero muat be 
coded as half the maximal response. If a Condition on the 
absolute size of the number has to be applied by using some hind 
C-f threshold median ram, one pronably haa to uae two channel** 
Tula argument . together with thi relevant physio log iea J evidence, 
aeans that algorithms have to be selected that use variables 
uhlch, aire either aluays positive or aluaya negative. 

1. 3 QearBfls D* ^rQEdom OyS i l^ble 

If a sum era is to perform the rttlne* computation using a 
aethod ana logout to Horn'* algorithm* the initial operation must 
be none hind of difference function, and the result of thin 
difference must be passad to the next Stage for reconst i tut i on of 
the image. There ara many variants of Horn's algorithm that 
caapute eoaethinn, equivalent to the required retlne* function. - 
For a><a*ipje. the difference function may be a pure Subtract iont 
the log of the results of a division? or even the rgu# result of b\ 
□ ivisJon, (I.e. the aenflietric moan of n/y for y ' n the 
neighbourhood NU)J, provided that tha next step 1* to take its 
I agar 1 thm. For each of theae t there exists an appropriate form of 
the reconst i tut i nn algorithm. 
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1*4 Relavartt fthu* in topical infprmation 

Tnera is a large amount of i n f arms t i or. available about the 
retina, and Pecauas of the nigh prevailing standards Df retinal 
phy a i a I ogy , a successful theory must sap lain almost every 
finding* Conversely* since so much ]• kneun, H Is possl&le to be 
specific about most of the detail e of the retinal computation* 
There are some places where the iccouni J have given, thought 
probably the most liksly* is not the only possible one* in Such 
cases,, I have erred on the side of specificity rather than of 
caution, because a definite statement that can be disproved It 
more fruitful then a vague one that cannot* 



2 Coir-purlnp. ihe_ Difference Function 

F^otn 1,3. it is clear that the fir it stage In the retina* 
tomputat ion must consist of some kind of difference function* 
The possible candidates for the output of this stage aire the 
receptors, the horizontal celli, the Bipolar cells, or perhaps 
some later «ll + Tne most likely candidates ar* the- Plpoiaj- 
C«J Is, and th* foliating arguments canst i tuta uha t is virtually a 
proof that it must be them. 

2.1 D. : Merences must fee. taken earlu 

[f a retinex operation it to be psrf dr&ied on a visual input, 
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It must be the fir*t thing that is dona to the Information. 
Contrast detection for acal operations only may take place 
before reconet i tut ion, and may perhaps prpceed In parallel uith 
the difference operation for the rati new,, but they may not 
precede it. Further, since the retina* must precede any 
operations th&t depend on global assignments 4 1 1 Ke colour 
naaing), and ui i J greatly faci J i tate line and edge finding (by 
renovlng the ejects of slou changes}, there '9 no reason not to 
[•piemen! it at the fint aval I able opportunl ty in a vliloh 
gujaten. Hence the first place at uhlch the transform could be 
computed Mill be where it 1* actually computed* 

■ 

2.2 Itit dlfferenc* signal must be. after ihg. races tors 

The first possible place at mhich the difference signal 
could be coded is by the raceptcr** A possibJe explanation is 
that the horizontal cells* or perhaps receptor -recap tor contacts* 
provide the necessary antegonlsii to conpute the gradient. The 
latter possibility is ruled out* because the antagonism has to be 
colour-coded, and the packing of the blue cones is inconsistent 
uith this. Hence, for at least th»D channel, it uould be 
necessary to create the antagonistic surround via the horizontal 
calls. But the horizontal cell* mu*t be drl«*n by th* receptors* 
hence, if they fad back onto and affected (tirectl'y tne signals 
from the receptors, the receptor output signal would be the 
Steady 9tate solution to an expression of the for* 
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uhich is the wrong, transform, Henta the difference fund ion 
cannot be signalled by the receptors: thsy must carry the put"* 
receptor response* 



2,3 Itfcft horizontal eel I b miifii provide ^Ifi ant8nor>iam 

Since the receptors must signal the flu* of light that they 
receive ^ some other agency must provide the antagonism n^eeaaar-t/ 
for computation of the difference function. This agency could not 
be the midget bipolar cell because it contacts only one COne+ 
Hence the midget bipolar cell riuet carry the difference function, 
and the horizontal cell muat prcvice the necesaa-y antagonistic 
jurround for computing: the local gradient. Ideal i y, there should 
be as many horizontal cells 9.5 there aire receptor?: there are 
not* TiDueven, and because the horizontal reaponee ie a linear, 
not' a I agar i tn.fi i ^ function of intensity, the compromise 
. represents sou* degree of approximation. However aa hb shall ess, 
the- receptor-bipolar Inter Face Is proeebly a very complex 
structure, and a final juogsment of its performance- must wait 
until it is thoroughly understood. 

2* h Ey idenc^ fjtaa Iht mud - puopu 

The above arguments were constructed from purely anatomical 
evidence, because there is no physic log ices information about 
these colli in the primate retina. Herb I In £ Dealing's (19G9) 
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recordings fro* the mud-puppy retina art however perfectly In 
accord with this ^leUi The receptors shou no centre-eurround 
organization! n*i th*r do the horizontal eel la; yet tha bipolar 
cells d0< Because Che Structure of the mud-puppy retina is bd 
siailar to that of the prfcjiate H (Don I i ng & Uernl i n L3S9H b thi-s Is 
etrong supportive evidence that th* horizontal cells are 
responsible' for antagonism uhich Interacts with the receptor 
signal at He transmit ion to the pi polar eel I* 

2.S Absence g_£ interact i or oetheen horizontal eel lg 

The praaent theory requires that there should be no direct 
horizontal cell - horizontal cell interaction. The difference 
function for a single cane channei, thougn it need not cone ret of 
taking only th* difference between a central receptor and 1/G the 
sub of I te aiw neighbour** should have a spread that is on In 
slightly less local. There should be no trans-ret i nail 
tramemi i*ion that Hduld follow from significant interaction 
between horizontal cbMe. In particular, the peculiar long- 
distance effects known to occur far retinal ganglion cells (see 
part I 2,5-2 (XY71) should net bs present at the bipolar t* I i 
dendrites- (They Ml N be dlacusssd in asction 3 of Part II IK 
Dombing S Boycott searensd carefully for synapses between 
horizontal eel In, but failed to find any* 



LlghtneiB and the retina £0 



2.S Remark* about bo-izantar tail bhusifllsau 

The conscOuentoa that fflMm* froti the reQuirement for no 
interaction between horizontal cbIIb In each retlnew system, and 
for no interaction betueen the different systems^ are these: 
first I g. there should be no interaction oelueen the horizontal 
procesiea that form the lateral elements of the receptor 
Invaginations! second I y h the horizontal cell anon must be without 
function; end thirdly, thl physiology of the horizontal cell 
''dendr i tes" should be very eimilar to that of its IKOnal 
processes. B.B. Boycott tperaonaJ communication} has suggested 
that the horizontal cell axon may be vestigial* 



3 Transmitting Jhe, Qlffaranee Signal 

Keying decided that ths bipolar ceHe must carry the initial 
difference signal h at nou a**, uhst is its form h and hou is it 
carried* 

3,1 Positive ajii neaat-va channel a 

Whatever the exact shape of the bipolar cell aessagei it 
■hou Id in principle bo continuously variable Over a large range, 
both positive and nigatlve for u iubtractlon or for the leg of a 
div^ion N or less then and greater than 1 for a rau division* In 
the Bud-puppy, thle i* not the case (see Part ) section 2.3) i thi 
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effect Of the ngrizontal eel la 1* to attenuate transm i as i on frop 
the receptore, net to polar isa tha bipolar call In the opposite 
direction. Further, tuo kinds of bipolar cells are found, uith 
so-called "on-" and "off-centra" rasponsea. It therefore look* as 
if, in the case of the mud -puppy, the difference function is 
signalled along t^io channel a: are carries x" if x" is poaJtive, 
tar >l) and tha other carries -y" uhan x" ia negative 'or <1). 

Jhta is to ijfl eypecte<U f«r the reasons outlined in section 
1.2* Tha difference carrier hat to transmit a tuo-sided signal, 
and thJi signal ha* ta be threshoided, uhether It* magnitude 
varies {roughly) linearly uith tha signal or logarithmically. 
Hence tno channels era used* One other small point is the 
additional bonus of improved accuracy t tnis may be utaful T aven 
if tha signal ranges wa-re of the crder of 130000. because the 
bipolar channel is carrying differences rether than absolute 
values. 

3*Z Extension in ih£ orinate E£_l Lna 

In view Of these argu.Tient3 H the organization of the bipolar 
cells found in the mud-puppy msKes such very good sens* that one 
is entitled to expect a similar organization in the- primate 
retina. If the ratine* prpcess is to be carried out at th* 
ultiuate resolution cf single receptors, It uiJJ be necessary to 
supply each receptor uith tuo kinds of small bipolar cell, one 
for the posit "vi T end one for minus the negative component. It 
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cannot be coincidental that each cone contacts ens sidget, and" 
one .flat midget bipolar cell iKollj 19?0] , The prtfla-nt theory thue 
explains the presence of the tMO hinds tif hiidgst bipolar C* I I, 
though It cannot predict which channel is which. 

In the caaa where the ratine* proceee is carried ant at 
louer resolution, as it nay be in rcaiy nan-primate retinas, in 
th* rod channel O* the primate retina, anct perhaps also in 

parallel from cones In the private retina, it is not necessary +p 
match the tNC Channels so exactly, though the cloe*r they Are the 
better* Thus, where bipolar eel It contact more than one receptor,. 
the condition for strict duality of bipolar cell* i> related 
slightly, though the reeolution at the two channels mutt be the 
same* It wrfi however always bo necessary to have two Channels, 
Hence every receptor must contact at least two bipolar cells, one 
plus and on* minus* This consequence is particularly interesting, 
since each rod in trte prinate retina usually cantaine only two 
bipolar processes; tne theory therefore predicte that these must 
have opposite signs. 

3f 3 The dl ff trance funp^igf j ^j j^ $fc& ttud - cuppu 

Uarblin £ Dow ling {19ES! reported that the bipolar cell 
response in the mudpuppy reti-na depends, ever a large range of 
ebsc-Jute entrjiii, upon the ratio of the energies in the centra 
and the sMrrpyncu The rectptor respona* cur*i it an H-function 
UI/U+KI), see 2*1 of Part I), and KaXa & Ruahtofi U3E7) found 
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that horiZtintdJ calls also exhibit an H- curve response to 

i 1 1 um I nation. RysJitcn £1372 p£4F) bilieves that the H-relation is 

continued in the- bipolar cells, but does net cite any direct 

evidence* 

The question ie an injjortgjit one„ because ane is natural hy 
En teres ted in the exact function that ie t ran sm it ted by the 
bipolar CO I I f Three kind? of evidence suggest tn-at it should not 

bs a pur* sub tract lent firstly, th* r*flulre»Bnt of Land that the 
rat mew operation be perfortisd on logarithmic Quantities J 
secondly, the finding of Llerhlin £ poul ing mentioned above; and 
thirdly indirect payeho-physi ca I evidence that the recanst itutioin 
stage li co*tput*a" uilng logarithmic quantities (see 2.5 be I on, 
and Part IIU* Thire is however soma room for doubt about whether 
the bipolar signal ie a r*H di via ion or ltt iogarttha, though it 
is probably not exact [y either pf theee. Dn the available 
evidence* the moat likely candidate Stenj to Be the logarithmic 
quantity, but it may be carrred tilth variable gain. 

3.4 Evidence abaut Jhji order pj. subsequent operatione 

Et is clear that a targe number of transformations must be 
applied to th* difference signal before it can be passed to th* 
optic narva h and peychophysi caJ evidence can help us to decide in 
unet order *heu ere performed* From the con tea tt- flash 
e*peri»ants Df Alpern, Rushton & T"or i ' that uars reviewed 
sarliar, it is e^lear that sever el things are going on. They are: 
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3* 4*1 The summation of signal s fr-pm the various parts- of the 
turroynd *: thrs summation ii J inaar in the incident energy. 
3.4*2 The logarithm, of the sum (or sons very similar function) fs 
taken, Both 0* the surround, <t>, and of the centre-,. \. 
3.4*3 Both signal's are attenuated ay an amount that depend e on 
the background {ignoring bleaching], by a fraction 
00/ C $ +■ 08} * where # Is the strength of the background. The 
experiments do not Specify whether the at tarnation La per formed 
after 3.4*1., In which case it ia a division* or after 3.4.2, in 
which case it amounts to a subtraction. Rusbtsn' s {135SFU use of 
Fuorteft & Hodgkln's {19G4) cable theory model is a clever example 
of how the two operations could Pe performed simultaneously. 
3.4.4 Finally, the two transformed, attenuated signal a are 
compared, and Ef the difference >8 noticeable, a signal is 
transmitted. Tine results of A I pern 5 Rush ton III9E7 figure 1] are 
beat explained ny supposing that 3,4,4 <t performed after all ot 
3,4,1 to 3,4*3* 

3»5 Ibfi. pr^r suotTHBt*d bjl Ibla thPDJ-Ll 

In trying to decide upon the nature of the bipolar signal, 

one must first be ciear about which feet* in not relevant* One 

result suggesting that the signal must at th'ie stage stiH b« a 
linear function of th& Inttnilty- It Alpam at al+'t (lS7Eal 
finding that the surround signal add* 1 1 near I u, before interacting 

hi th the signal from the centre. However the size of the central 
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region (2 degrees fur the rod experinents, and 23" for the cons 
ones. Alpern At 31* L370a£d) allow that the summation could all 
take place In the horizontal cells, which are known to exhibit a 
I incar response. 

A second possibly relevant finding I 9 Rush ton '& Ueathei ■er*a 
(L9G2I that the threshold of all the root In a summation pool fe 
apparently raised by bleaching some of them. This seena ta ImpJy 
that at som* stage, a Ruthtork-ftyU gain box must be used that 
attenuates all the signal a tron a suiioiating jjocL This result is 
apparently very difficult to explain on the praeent thsory,* 
because it the bipolar signal really is a division* or lag 
division* there is no necessity te set an explicit threshold: a 
constant one Mill suffice [see 4.1). Vat the natural place for 
the gain-bo* to be is at the foot of the bipolar cell e«on p 
because th i 9 la where the pstudo 1 i$ht input (corresponding ta 
the required bleaching signal) Is to be found 4 tee Part UU. 
There is however a passible explanation that does not involve the 
gain-box idea at all - indeed almost the only concept that Is 
required from Rush ton' a theory is the notion of tuo paths* one 
far peeudo and one for real light. [f this is correct, the 
paeudo light signal m I I explain the results Df Bar I ou A 
SparrdoX, (see Part III), and the results af Rushton & Uesthe inter 
[13621, of RuEhtan (1535a and. bl , and of Uestheimer (L3ES) 
receive a separate explanation. Thsse have ta be dealt wi th in 
Part IV, but they art consistent with th* notion that th* bipolar 
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•ignal ig the log of a di via I on. 

The «aln argumant froa retinal structure suggests that 
whatever quantity is carr 5 ad in the Hi polar channel, it la 
composed of #ubqu3nt 3 tree tnat can frsely bs addad together-* Thl 
is because the horizontal call interaction with the bipolar* It 
diaper sed, which means that if the receptor-horizDntal-b ipolai* 
junction performed a pure division, errors would arise because of 
different valves of the divisor provided by the different 
horizontal cell* at each aits. Tha difference between ltl/29 U/dl 
+ IAC>). and rMdld2J is Mil - Vd2 > /vnTd?: this is especially 
severe when the V are very differant, which in this cave ^fctvr* 
at boundaries - I.e. at the very places that are of interest* The 
observed anatomical arrangement won let therefore be bad for 
accurate division^ This argument la wsaKened a liitle by the 
presence of two* utueMi; different horizontal cell processes at 
•sen site - iuogeiting that the divisor rt their average - but it 
is etSM forceful* the argument i up lies mat the bipolar signal 
is the subtraction of two locar i thns, rather than the division Df 

tuc number ■* though this ouantity nsy be carried with variable 
gain*- 

■ ■ 

3.G Sun mar u 

It is therefor* atsumed that the bipolar cell carries a 
signal that correspond* to an H- function of torn* possibly 
variable multiple of th* quant i ty |log[*J - ll/J]ufy))(h 
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u[y) log{y))>* for so.tie uaighti/ig function u. The careful data 
presented by Kelt* [1370 figures 37 & 44) show that the diameter 
af the 1*5- 1 ah t i ny function u ie about 70^ t and u decreases 
nith diotance from the central receptor x. 



4 Attenuation ana thresholding ai Ifii difference signal 
Tht heart cf tha ntintH computation ii the application of a 

threshold to the difference signal for it is thie that remove* 
the effects- of slou changes In luminance frnn the i-nage. 

4.1 Ih£ *1=e ii Ibi thresho I d 

Conelder tha af facta of doubling tha luminance of a scene 
{measured an a linear,, not a logarithmic scale)* The energy 
received from each point doU&les. hence gradients double, and 
hence the necessary threshold must also double. This is however 
only a rough guide, because bright sunlight produces views that 
are; much ■ora. contra* ty than tha [roughly) uniform Illumination 
provided fry e thicX layer cf cloud* ]f a hltUcgra" of gradients 
from a scene la ta^tn-i tht central peak may o*l*n correspond to 
tht. threshold* that have te bt removsd, and it will be Important 
tuhen acequate transducers &eco»4 avai tabled to explore hou the 
width of thie centra] peak depends upon various lighting 
Condition*. Until then, one auet assume tnat a linear threshold 
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is ad&ouatet this is consistent ulth psychophysical evidence en 
contrast detection [bob sect ion 1 of Part EEIK If the bipolar 
signal it logarithmic, a fixed threshold applied to the bipolar 
signal ui I I of course behavs liks a threshold that varies 
linsarlywith intent 1 ty, a* required. 

4.2 Difference signal noma I i sat 1 on. 

Even given that the rau divisien signal is trans f or med Into 
Us logarithm soraeuhe.~e In the outer plaHifor« layer, there 
remains a question stout the normalisation of the difference 
signal, Despite the fact that the dynanic rang* Of the difference 
channel is probably mucJi greater tnan that of the ganglion cell 
axon, it should be pos-siole to use the whole of the gang 3 ion cell 
channel capacity throughout much of the working range of th* 
retina. The best «ey Is tD arrange that the necessary 
normalisation takes place at the last possible sonant - in this 
case, on the difference signal Just before reconst i tut iofu It can 
take place independently in the three colour channels, because 
the ri-Jat i on-chip betwean colour names and the relative strengths 
of the signals from the retina haa in any cats to be determined 
by ecme other mschanisn. 



5 BecoHsmjtinc iiifi Jir.acE 
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Trig reconstitution of the I mags con*i*ts of Coeputlng the 
Steady state solution to a set of equations I iit#i 

xA - *■ + i/n 53 y* [ftl 
uftera tha neighbourhood Nix) kg matched to the neighbourhood 
that was used In the primary gradient extracting operation* In 
the retina* the position Is much complicated pu the fact that th& 
difference ■! gna I *" it carrind over two channel*, which will 
be called a*+ and w"-. where x" - {*"+ - *■-)* In thi* 
a i t u a u '■ on , the invar a a tr ana for mat i on b a comes 

nit - i*"+ - *"-) + l/n 5^ ysv (II 

One it naturally 3-ntereated in fornuLat i ons of this 
operation Ln which the final output is split into two channel*, 
because Of the existence of on- and of off-centre gang-lion celld 
Sit may be that the output has to Ob split for reasons like those 
Of section L*2* applied to later contrast dstection Operation*}* 

5. L Possible schemes for computing AM inverse 

There are a nunoer of possible nays of Implementing equation 
(1), and they are listed beiou. 

5.1.1 The first Is a direct implements! Ion, using e simple 
resistive network* Ai though thi* is the neatest solution it 
cannot be Implemented .in tha retina because one haa to operate 
hi th variables that are always positive* 

5.1.2 The second possibility le to solve the pair: 

N 
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N 

togethar with the cond 1 t 1 on that wfr - ix&+ - xtr-h This method 

cannot be used either, because c 1 rcumt tances can bt constructed 
that require both channel* to bs able to carry both positive and 
negative signals*. For example, consider a situation where the 
local average luminance is high* and h" is small but negative, 
From equation IZ), ***- stags fixed, and from C3) , xft- becomes 
slightly lesE negative, Hencs both chanrtsCs need to carry -signals 
of both eigne, end this implenentat i on is therefore not suitable^ 
S,l*3 To overcome thls T one Might propose the solution obtained 
by eelvlng (1> and elmua taneoi/alg converting the answer to two 
channel! «*+■ and **-. where *&+ - w* 1 f x* it positive, and *tst- 
■ -wVc if ha is nsgative: bath are zero otheruiss. I have examined 
this possibility ih detai", but ues adle to reject St, The 
argument is long, and Hill not be given in full hers; but the 
basic reason can be briefly described. In order for this scheme 
to uorit in a uag that is consi stent with retinal anatomy, It 
turn* out that the full solution xa has to be computed by both 
the plus end the ml nut chanr.olt. It is pott ibis to ehou that the 
full solution (with different signal must therefore appear at the 
axon terminals of both hinds of midget bipolar cell: this 
requires that both terminals nave access to Pofh x"+ and x m - r 
But x-+ has been transformed to x*t+ before it can leave the 
plus bipolar channel, and similarly for k"-. Hence, the negative 
channel cannot receive x - +. and vice versa, so the method: fai|t+ 
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5,1.4 The fourth possible tchtna i* to try fa heap the tuo 

halvss of the Solution apar t as Song 99 posslple* 7 his means 

solving the pair-: 

KA+ - k"+ + lYn ^ ysw- (4) 

N 
us- - x"- + i/n ]£y>- f5) 

N 
At first sight, this pair of equations does not appear to 

compute anything useful: out one Dan prove that It does, as 

fallows. By subtracting (4) and (Si. we nntain: 

{**+. - Kft-> - [« u + - x H -J + 1/n X! r Y*+ - Uft-> |&) 
■ Thus the express 1 on (ka+ - k*-) is in fact a solution of th# 
equation ID. What this means Is that a solution say be obtained 
from (4) and £5) providsd that ths two solutions are coup ltd 
in a subtract ive way. In general* the two halves *Vr+ and *ft- 
hI I I both be large and positive, sines there Is nothing negative 
in either of f4) or (5J to poll them down. The solution is 
however not disturbed by subtracting a suitable function firnkJ, 
prd-vided that it is dons to both X-A+ and KiV- simultaneously, 
Jn the particular case o# the retina. It ia important to keep the 
terms poiitiv** ac the amount to be subtracted must never exceed 
the smaller of *a+ and m-u--. aubject to this, however, a> 
subtract ive coupling betwesn k*+ and w,>- Is permissible* 

Hsnce we obtain the result that 14) and {&>+ together uith 
the operations: 

kih- 'goes to (x*+ - fix*)) CGI 

Mft- goes to tmdf- - -f[*rfrlJ 17) 
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still r*pr*s*nts i solution to (IS, aa long as th* condition 

*jy+ and *fr- ara kept positive {£■} 
aJsa holds. In particular, the gain in the circuit that define* 
f maw be chgaen to keep tha imager of **+ and x&- near zero. 
It is perhaps north pointing out that tba detertni nat i oft of i is 
quite separata from tha prob'an of fixing the DC l*v*l foe* the 
output: nor can vaHationa in f account for th* (ti sappearance 
of stab ( IS red ret i nil images, since this would correspond to 
tampering with the difference i*-k+ - xfc-l ! as Song as this 
difference la preserved, the output of the process Is a faithful 
ret i fitted copy of the inege+ (The stabilization probtett is dealt 
with in section 4 of Part III}. 

£,2 ]-is lamentation detail! 

Th* method of 5+1,4 it the nest iatlsfactory that 1 have 
been able to deviae t and it uill nou be ahoun that It provides an 
explanation a f many features of tne inner plexiform layer. 
5*2,. L Jh* f*al Nation o* soustien {4) rectulrea a device uith 
. fsedbacK, because th* answer T once octal ned, muat be applied to 
the mechanisms that compute the answer at neighbouring points* 
Since the retinal ganglion cells ar-e not pre-synaptic to any 
other retinal cells, tne expression of the final ansuer pc-sh- 
(sag) cannot exist only at these cells, sine* If It nere, it 
would not be available to neighbouring ganglion ce I I *+ 
5*2*2 Hence, tna ansuer *ft+ muat be computed in the bipolar cell 
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axon terminal a, or in t^e amazrine cells H or both. It cannot be 
just the anserine cells, because itaat of the ganglion ceil I 
synapses C04A from bipolar calls. The most likely candidate js 
therefore the Dipolar a*on tsrninals, ul th soma Kind o* 
modHlcati on fro* the ameer in* cell** 

S»2.3 the complex of a dyed Synapse pins a return synapse froa 
the anserine ceU to the bipolar cell is exactly what this 
hypothesis requires* The reason te that the anacrine cells have 
to carry an expression Ilk* ^ y*+ for a neighbourhood, and add 
it to the quantity **+ that comes doun the bipolar a* on, At the 
dyad synapse, the component xyy+ is transferred tc tho Sbaer i na 
cell t rang war a* carriers, ana the expression ix*t+ + y^+) f* 
added) in to coup lata the computation of ***-. One would thsrsfor* 
expect all dyad synapsis that involve a stratified: amacrme coll 
to be accompanied fry an amdcrine/olpolar synapse. 
S*2.4 The philosophy stressed In section 1.1. that sprks-carr isd 
signals must be logarithms [because of the smaller dynaslc range) 
Is consistent trlth this* At least sane amacrine cells support 
spines, and for the theory to oe correct, the lateral 
Interaction* must De In t*rm* of logarithmic quantities. [This 
also explains various features of bleaching adaptation: gee Part 
IVJ. Conversely, if the reconstituting etage is computeo in 
tarmg of logarithms^ the gradient finding operation must be a 

dlvl lion. 

. ' • - - -' 

5.2*5 The coupling betnten the solutions for *kh- and x#- must 
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be provided by diffuse asacrine c*Hi> probably acting tnrgvgh 

the ameer ine-anacr ine and amacr I ne-gang I i on cell synapses. This 

coupling can &e done effectively jn i number of uay*, and one 

canrtot decide a priori which ehoulc ba utttu It is however 

helpful to set out an explicit nethod for achieving it, because 

varisnte on this method are then rather easy to demise. Urite PDS 

to stand for "tho Oositrve part af n : s.y. PD5(4)*4, end FQSl- 

41-0. {PDS is useful because it captures the idea that neuron 

with no threihold can transmit at oest only the pqaitrva part of 

the function that It receives*) Than let ue modify equations (4) 

and {51 to the fa 1 1 awing; 

x*+ - x"+ -r PDSa/n E £u*+ - yfr-M 14*5 

N 

**--*'- +■ PQSIl/n E (u*- - ufr+M (5* J 

N 

Then (xfr+ - wft-) U still 3 solution. Now write 

G+ - POS(k*+ - Kft~) O} 

G- - POSIksv- - *«+) (19} 
Then one of G-k G- ul N be positive, end u\ I I represent the 
so I ut 1 on. 



The Pttsa bshind this farmu=at ion pb illustrated In figure 5- 
The SUbtrectlve interaction in don* in two ways* firstly,, there 
ps reciprocal Inhibition between the stratified anacrine cells in 
the tap and the cotton thirds of the inner p I ex i form layer, 
T-ediated by the small dd f fuss emaicrrne celds. Secondly, there ie 
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direct inhibition that acta on the gang I inn cells, again mediated 
by the diffuse amaerine cbIIsl The important points about this 
are: 

(a) the form Of tho- coupling between the tun systems of 
Stratified amacr i ne cells is very fleslblet &0th the Kind of 
coupling [i.e. the nuiioer of ter*» collected umderiysath th* PDS 
function! h and the amount h pre variable pro^ldfrd that they 
correspond closely In the plus and ml nut layers* 
(tO the sizat of **+ and of w*- are kept posit Wet this Is vital 
for allowing a «" + signal tn escape fro* the bipolar terminal 
and Influence the eolutinn even where C-- is Strongly positive, tt 
is because ksm- and xtc- must be non-negative at all tines- that 
direct inhibition tn the bipolar terminals is undesirable. 

5-3 TJib_ distr i but lor, pj; amaeHne eel I processes 

From the analysis of S+2. we it* that the stratified 
amacrlne celii must be the ones primarily responsible for (43 and 
(53 + (or (4 ¥ > and fb'}>, whereas ths coupling between th* two 
halves mutt utt diffuse a.tiacrines* 

5,3,1 In particular, the size of ths stratified amacr ine cell 
processes must ref-sct the distribution of narizontal processes 
above them. The dianeter of the stratified diffuse a»aerine cells 
. {category A3 of Part I. 1,2.11 is EG-SHm. which, is consistent 
with the. figure Of about 35^; for the radius of ths horizontal 
cell interaction, (see eectian 3. £) . 
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5.3.2 The anacrina cells responsible for coupling the plus and 
the minus cfis-nnele are probably the narrow field diffuse amacrine 
cells, (category All, because the only other candidates, IASJ , 
hs^e a larger dianster, and ars uncommon, * 

5.3.3 Fro* these, the following synaptic rotations fallen: 
(a) the dyad synaptic complex should connect midget bipolar 
terminals predoml nant iy with stratified amacrine cells (Al). All 
the synapse* at these complexes should have a positive sign, from 
the point of vieu of the con pu tat ion. In practice, this ~e£ns 
that the bipolar to amar:r|ne T and the bipolar to ganglion cell 
synapses should be sxci tatoryjf and the anserine to bipolar 
synapse should havs the sane effect or the midget bipolar 
terminal aa at 1ml la r ion of the centre of that cell*i receptive 
field. 

(bl The diffuse amacrine cells should receive excitatory synapses 
from the midget bipolar cells, or perhaps stratified am-acrine 
cells, in one layer, and should ssnd inhibitory synapses to the 
stratified anserine and a i dget ganglion cells in the other. They 
should not send inhibitory synapses to the midget bipolar 
term! nal e. 

i " ■ ■■'■■■ 

5-4 Ganglion ce I I cend-i tea 

By the same arguments, the retinsx output should coJpb from 

gang I ion eel I • Mr th tt rati find dsndri t i£ d I itr 1 but I on. It "ill 

be anoun belou that these should be the X ganglion ceils. Y 



73 



I* 






3 

s 







/I 



IX 







17 



U 7 




5 



X 






xi 






D 



• 



ft 



fill 




Lightness and the retina 79 



Legend to figure G 
Tha principal elements of th* plus and wious retinal channels jico 
shcun, aa analysed in tha t**t, together with their predicted 
responses to a central black and to a central uhite spot. ' Thi 
eoiutlom for *csv+, **-, and flwft} are Strictly apeak i no: unds fined 
for the cast where there is no subtract i we coupling. In -the 
retina, luch coupling is provided by diffuse amacrine cbIIb t and 
in it* presence,, both xft+ and k&- are properly defined;* MctiCft 
that the response to a central White spat appears at unst uas 
initial fy the negative charm* L 
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eel fs t which have a response that look* *iore like that which the 
coupling amacrineE. should h3ve p mau be t-h-a diffuse retinal 
gang! ion eel I •■ 

The summar i j i ng diagram ihonn In figure E illustrate* the 
expected responses Of the various retinal components to two 
sinple Btl*iu ( \* 



PART II Ii ProaertieE of the .Signals from the Retina 

The above analysis has dealt ul th the processing of a single 
channel Df the kind originating from a red or green cone in the 
foveat but it is clear that similar argument* mag be applied to 
the other channels. The same hinds of computation have to be 
performed, cut there is no difference in principle between Ion 
and high resolution channels bscauss of ths linearity of the 
basic equation (11. ] shall therefore omit further analysis Df 
retinal structure, and ul I I turn nou to evanine eome of the many 
peculiar properties of retinal output: the above interpretation 
Of the retina makes a number of them easy to understand. 

1 Ifi* Ueber-Fechner Un 

The Ueber-rechner relation betueerv overall brightness and 
increment threshold Ij go old that It might be thought not to 
need an explanation. Nevertheless, it Is e curious \a*\ t depending 
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as i t does linearly rather than ] agar 1 thni cal I y on the luwlnance 
of the hackgraurtdd It is particularly curious that, although at 
low I BV« I ■ 0# illumination the Increment threshold varies uith 
the square root of the background luminance, this ceases to be 
true at higher leva is, although the receptort are (till capable 
0* reaponding linearly with the incident er-argy* Why doc* the 
square root relation, which ie the optimal tbrsaho*d for aignal- 
to-noise purposes, brsar. doun where it does - at around 3 or 4 
quanta par rod per second? 

The present theory provides an explBnat ion. The purpose of 
the retina* operation is to renove from the image. Intensity 
changes that aire Cue to gradual changes in luminance. In tha 
theoretical case of a continuum* it is easy to distinguish 
continuous from discont inuoue changes: but if the continuul* is 
replaced by a discrete apace, the question becomes uhat size of 
very local gradient Is large enough to Oe called a di scent inui ty? 
It uas seen Ln section 4+1 that Ire many conditions, the relation 
between ambient I us I nance and the required threshold ia a linear 
one+ But the increment thnthoEti sscoirlment measures exactly such 
a threiholot hsnes tile Wsbar-Fachner Law is t consequence of 
computing the retinen function* 

2 Jhe. aark-adaoted ro-ts*a 

At low levels of luminance, the retire* function cannot be 
computed. Th i a nappens uhen tns average Quantum catch At a 
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receptor 1* SO low that difference signal? oaaaured by the 

fti polar colic Over thair inherent t I l*i constant would bt due toj 

the sparseneaa of the incident quanta rather man to a reaJ local 

gradient 

At theaa I ou luminance levels, therefore* the refine* 
corputation drope out, and the retina becomes an efficient 
detector of quanta, as Barlow hat suggested- At the sane 1 1 ■>«» 
□no Mould ewpact the centre-Surround organization to disappear/ 
and Illusions that rely upon the retinex praceaa H h ii k e the Craik- 

■ 

Cornsneet Illusion, mould no longer function* I. have ho specific 
.. suggestion* about how these changes are Implemented* It nay be 
that they are related to the peculiar properties of the eiecrrc- 
retlnogran at Icy I eves s of Illumination,, <aee e.g. Core & Eurey 

iaes). 

■ 

3 Gang r inn ^11 rasnonsg character 1 si i cs 

There are many: aspects of retinal ganglion cell responses. 
that have not yet been discussed* Firstly. It Mill he evioent by 
now that according to the praaent theory, retinal ganglion cells 
should behave like Ideal iaed receptor cat Lai rather than In the 
complex manner that hae been observed (see Part ], 2.51. JJhy are 
there X, Y, and U eel la H and uny do they diaplay such cecul i ar 
character! at ica? Nou the computation of tha retina* proceas ia 
quite a copplax operation, and. accuracy prcbabfy requires that 
the tin constants of parts of the system are quite long. It 
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uould th*r*for* bo surprising if thi retinaxed output showed very 
good teBooral resolution* This cutout should however oe tonic 
rather than trans ients Its seriiitivpty Chut not its response 
curve* should be a linear function of retinal illumination 
Ib-scaus* of thi If near proper tree of the receptors) : end the 
output will bt rs-lat i vtly inssnsitive to flicker, or to very fast 
moving ■ tivuH* Furthermore, if ths computation is done 
accurately, thsrs is no rseson to ewaect tns retine*ecf output to 
show Hell yarn's periphery; effect- Thus ths conditions to he 
expected for ths output from the retina* conputat ion are those 
sat 3 sf ltd by K C«M i, but not fay ¥ cs I Is. In particular, if thi a 
is correct* the "labour" area of Zeki (1973) ihOLrld rscslv* its 
colour information: ultimately from X and not fro* ¥ ctllt* 

Why have V-ctKi. and how are thay forrtad? There ia an 
obvious answer to this, nar*sly that fa*t moving things are- vary 
important in the world. An animal ul th a perfect rstlnsx system 
uill never ths I ess fail to survive if ha cannot sea a predator 
flash across his visual fisld, and long time constants In the 
computation would haws this unfortunate effect. It therefore 
aeema appropriate that anotfasr Channel should he present* called 
the ¥ cells* Which are especially concerned ui th detecting 
transient* In the retina that are averaged out in the main 
retine* output. As we have seen, most input* will cause a change 
in the resting levels in the emacrine Jsyert, in the tentative 
theory sst Out above h for example thl necessity to keep 
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computing f off icier* tEy uouSd ma an that a change almost anywhere 
in the retina could heus en tffect on t elseuhere - an effect 
that is eubtracted Out before the tiain rstinox Output channels 
are reached. If thi e effect uaa applied to a second channel but 
with the signs such ae to add rather than aub tract th* extra 
quantity, (perhaps by using a diffuse retinal gafiyiion coil), 
something like the behaviour Of th* V cell* T with hclluain'o 
periphery effect, uould be the reeultr The question is a long and 
dificult one. that deserves: a seperate paperc but at least the 
present theory explains *tfiy t-celJe are neceeeary, even If not 
exactly hen they are forned. Analogous aruuk«nt9 apply to U- 
Cft I I • » 

4 Ih£ disappearance e_i atabl 1 i &ed -etirgl jjnaflss. 

The d i seppearanee at staDiliaed retinal -images is 9 puzzling 
phenomencuiH and one that nou I d not immedi ate ly be expected froa 
the present theory* The retinex output, presu&ahly: the X-CBMb + 
ahould not decay uith time, bo tnere seems to be no good retinal 
reason why stabilised images should disappear Et is particularly 
interesting that Sharpa (1972] found abidance that at least a 
part of the dl geppearance uag binocularly transferred, and hence 
Of necessity a central phenomenon^ Nou if the peasant theory is 
correct* the ^-channel will necBasarily carry pseudo-images 
caused originally by r#coptor blasch'irvg (cee Part IV); and 
because of their relative brightnaas, if they were visible In the 
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normal uly th*y HOuld undoubfcably Interfere directly uith 
perception. Eharpe haa a I sg ooiried OUt that the slon drift of'- 
the r*tine that occur* during Florida I fixation ie essential to the 
percept 1 oil Of fine detail, yet according to the preeert theory, 
the X-ehannels* presumably the tiearn of tr«ns*ii Mien of th* 
finest detail, should be largely unsffeeteri by this drifts 

An attract iva possibility ia that the »ain contract analysis 
□ f the striata cortex is driven by X-celle, but that the output 
from, this area cannpt influence, sub see, u em t stages unless It is 
accompanied by y-cell signals fro* the 53^* retinal area* This 
Mould oe a convenient nay of removing unwanted stabilised images. 
And goes seme Hay towards understanding the parallel inputs to 
areas IS and IS that were observed by Hollar 5 Stone U97D. 

5 GgngHcr cell recently field arftanigatlon 

The convent ipnal interpretation 0* the *CEntre-surraund" 
organisation of the ganglion ctJ I receptive fiEia is that it is a 
method for enhancing contrast acroBB boundaries- Jf the retlnew 
computation was uorking properly, the output of the fovea I 
ganglion cells should be like the output from the receptors 
except that 1 1 ul I I be- very uuch sore useful than the true output 
from the receptors, since tha effects of stiall gradients have 
been removed^ Honever, there are two reasons why, in the 
conditions under which such e«J)*ri merits are usually performed, 
these Cello should exhibit behaviour consistent Hith the centre- 
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Hurr&und hypothesis. Firstly* the ritin*M computational machinery 
1b designed to be run in conditions of noma I life: it depends* 
especial ly at the reconsti luting stag*,, upon lateral interaction 
ulth reasonable signals from the rest of th* retlnai If a central 
bright spot Is presented to a gang I Son cell t arid then moved 
around close to It nhl le the rest of the retina is in darftness t 
it ie not clear what ml I happen. Even apart from these 
considerations, however, one Mould expect the noma I working 
retinal machinery to exhibit the cent re- surround effect. This- is 
because the DC level in the reconst i tut ion phase is not fixed, 
and is presutianiy chosen to be about the average cf the received 
luminance at the retina* It follows that the behaviour of a 
midget ganglion ceil u i 1 1 apparently be strongly influenced, by 
the local organization of the light on the retina, especially if 
(as in us 1 9 -conducted e.xper tmenteJ not much ie happening 
elseHhere Dn the retina. If las also seems sensible) the DC level 
il set on a local basis (giving •aximun local intensity 
resolution), the same me I I held even if there is much happening 
elsewhere. Hence it i s no surprise that the ganglion cells 
exhibit a centre -surround organization; this organization ia a 
consequence of ths implenentation of the retinex process, and ie 
not the start of contrast detect lon+ 

Because of this, it is necessary to search the literature on 
the lateral geniculate nucleus to see what role the centre- 
surround organization at ths retina could be playing In achieving 
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the centre-surround crgen-izet ion at later atagea in the visual 
pathway* This quest! en has bean ask ad in a recent paper by naff si 
& Ficrentlnl C1972K These authors atate that if the retinal 
organ i nation Here tha first step in contrast detect inn, the 
surround at the retina should nap intp the surround at the 
geniculate. I f on tha othar hand, tha aurrounde at the geniculate 
are constructed from toe cantrea of other retina) ganlion cells, 
then the contrast analysis apparently being performed at the 
retina is effectively -being throwi away at the geniculate, 
Indirect evidence that this is in fact the case is to be found In 
papers by Kube] & Uiessl 11361), and by Singer 5 Creutzfeldt 
C1970J; in the change in retinal organization during dark 
adaptation [uhich certainly suggests that the retinal 
organization ia not assent ia I for contrast detect ion); and In 
the peculiar characteristics of the size of the surround area of 
a retinal receptive field. n>ffei A Fiprantini found 
ewper imenta I ly that the geniculate surrpunds are in fact composed 
of tne centres of a nusber of retinal receptive fields, Their 
argument is however weaker than they apparently bellev* T because 
the geniculate organization seems to enhance, not contradict the 
retinal organ! rat ion. Thus ths strongest result that ihey can 
claim ia that the retinal organization may be Inessential for the 
Ifiiter computet ion*+ 
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PART IV: Sleachirg adaptation 

It 1? now time to turn to the f in« I important cluster of 
retinal phenomena, namely the vexed guest Ion of the effects on 
the retina produced by teaching its receptors. 

1 Smimaru gl ltb£ iwortant fact 9 

tt ues seen frou the orief review of the subject tnat was 
presented in recti on 4 of Part [ that this phenomena that need to 
be explained are the following: 

ill The grating eKporiiiants of Ruahtan S, UsEtheimer (L552) and of 
Rushton flSSsal > and! tne punctate cackgrcund experiments of 
Rush ton U3Efsb). 

1*2 The Jog of the increased increment threshold due to bleaching 
depends on the fraction of pignent bliached (log{0/*0) - kB)+ 
two things are remar tab 1 a about thi.e: firstly that the degree of 
b I cashing definitely determines the Increased threshojdj and 
iscondly, that a enal I amount of bleaching raises the threshold 
by a large amount* 

L, 3 Bar I oh' t hypothssi s accounts for t.2i for the similar time 
course of dark-adao tat i onal changes In spatial summation and 
smaN field threshold) for the *j»ilar effects of blt&ched 
receptors tnd of a real background! for the lasting constriction 
of the pupil produces! ay blaeching? for ths results of RuaMon S 
Uestheiaer [t9E2! ; and for the results of Barlow A Sparrock 
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{1SE41 3bOUt the Subjective equivalence of backgrounds and 
bleachings that havo equal threshol d-rai $1 ng capabilities- 

1.4 R-ushton' s hyp&thesis h nf separate paths for the bleaching 
signal and for re&i tight signals* also accounts far all the 
results that &*rlpu > * theory account & for. In addition-,, it 
account* for a number Of phenomena that Barlow's thsnry cannot 
handle. These are Huehton h e Cl^GSb) finding that the effective 
intensity of bleached receptor signals behaves I ike the average 
flf their logarithms, not the log of the average effective 
intensity* It is not contradicted ( I I *.e Earich'a theory) by 
finding! that require different pathi for the bleaching signal 
and for real light, though it cobe not necessarily explain thea. 
These findings are Uestheiner (LSGS) , Emit U9G8J- end Wax a £ 

Pushtu uaBSK 

1.5 However, even Rushtan's theory in Its pure form is 
inconsistent with soise later result B- published tn the series of 
papers by Alpern. Rushton £ Tcrll, Ih experiment t of Alpern et 
al. [l97£c> + bleaching B without background behaved as though 
th* rods were desensitized by the fat tar b»l0cml23 f not like the 
equ 3 va I en t background light. 

1.6 Finally, although the notion of tun paths seems to explain a 
large number of phenomena , Rush tan has given no arguments why two 
•OCh paths Should have evolved, nor has he suggested what thevr 
■tight be. 
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2 Iwi paths; real M nvtucro I ipht 

Perhaps the- ntc-ar convincing ividenca for the present author 
that Barlow's theory ia incorrect uaa the anperl ments of rJaka £ 
Rushton (LS&S-h . The effect of a real background illumination ie 
to shift the s-potentiaf, and the affect* of further stimuli 
appear on top of this* The effnet of bleaching is ho«nver 
Invisible £ after- 3 minutee) unless a Light stiaulus in supplied* 
In uhlcn case the response appears tn be attenuated. The absence 
of a ateady background pa tent 1 at from the bleached receptors must 
mean that they cannot be emitting a signal indistinguishable from 
that produced ny real light* as Bar Ion's hypothesis require** 

Their other finding, that the a-potant ial s fir* already 
attenuated by: a great amount* is L think nf great significance, 
especially In vleu of the later finding in experiment I cf Alpem 
et al. US7Bc) that was referred to above* The reason la lhat 
ths central issue in thn controversy concerns the existence of a 
second path for the b learning signal h and It turns Out that the 
present theory has as a consequence the existence of a virtual 
path o f about the right kind, but it depends upon receptor 
deserialization. Consider the results of Naka £ Rushton once 
more: the anfy effect af bleaching that they observed was tJ^at it 
attenuated signals due to light. Suppose that this was because Of 
the receptors. This would explain the finding of A I pern et al* 
fi97flc) * and that resuit shots us that the receptors are 
desensitised by a factor that depends exponentially on the 
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bleaching- This is .a regrettable property of receptors, and one 
that I find surprising: but if true, it is the kind of fact of 
life that one fee la comfortable about Hiving 3S a litn'it on the 
performance of the visual (^tt*i»n 

Inside the- bleached ersa, rsceptor signal* ar* attenuated by 
a Factor l&WkB,, Ha-nca the local difference signal, which is the 
log of a division function, ia unchanged H and the bipolar- signal 
thou Id be rough I u unaffected* But this it not the only 
consequence. Consider the effect of diffusely illuminating the 
whole field of view with intensity*- At the boundaries of the 
bleached area, the strength of the signal fro* tha receptors 4-1 1 I I 
change to */13*akB. This ni II be interpreted by t^e division 
gradient measuring device as a boundary of size +7 (<£/12*iYkB) , 
i.e. lBsWikB, which is independent of 4 H and has logarithm KB. 
The reconst r tut rng: aschanisr, which we saw operates on 
logarithmic quantities, will therefor a receive transversely 
across the amacrine layer a si gnat that varies with JtB. Thus the 
bleaching effect i = transmitted to the inner layer, but by a 
virtuaT path that exists because of the way the retina normally 
works. The reconstituted 1 nage has a negative brightness! but 
(like #viry discontinuity), will cause positive changes of iiZS 
kB to appear In both tha **+ and tha xft- layers, Carpenter (13721 
has shown that the appearance of after-images depends on the very 
recent illumination of the ret'ma, not on properties of tne 
bleaching et inning that produced the e^f-ect; so tha urong sign 
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for tha pseudo light's brightness is not too serious. 

3 Sa.Tia findings explained 

The results of Bar J&w & Sparrock follow ioaedijately* because 
the reconet i tutad pseudo- inage nas the appropriate sized 
brightness: this inage honaver exists only In the amacrine cell 

lausr h whe^e -ntsngity Is ^spressnteti »n logarithmic unit*, and 
average intensity values conputed thers will behave tike the 
average of legs [99 in Rush ton it 365b )► The electrophysiological 
results of Nake £ Rushten (L3BS» fellow because of the 
attenuation in the receptors, and because in the Kiddle of a 
bleached area, there la. no signal from the receptors* 

■ The result of Uestheimer flSB&l may be explained by looking 
at the difference signal in h3i two situations* Let the intensity 
af the small central test point be pi of the disci di of the 
background, bi and of the equivalent bleaching disc, be d" . There 
are four a i tuat.icne: 

{11 Small real disc: the bipolar signals with and without p are 

the logs of {p+tf+b]7b and {d+bVb. 

(2) Large rial diic? with and without p h tne bipolar signals are 
th* logs of (p+d+b)/{d+b) and Ed+b)/(cH-b}. 

(3) Smal I- bleached diec: the bipolar eignale with and without p 
are the logs of ( (p+bJ/d" >/b and {b/d')/b + 

14) Large bleached disci ( (p+bJ/d'y/to/d 1 ) and E (bVd 1 )/{&/cT}. 
Th* citustions with and without bleacnings are different becaus* 
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the quantities in (if are bigger than thOiS in 12], frut those in 
C3I are smaller than those In (4) f tn* present thoorj thus 
distinguishes the two situations: any non^-1 inegr ■ t i e* In the 
system [uhich are to be awjiectad in cases (11 and (2) if d i& 
large) would tend to give Uesthe i mer ' a result in the case of real 
light. The present model ia not apse i fie about temporal 
prapertiea of the retina - indeed this ia probably quite- a largo 
subject: the findings of Ernst U9&&1 nag be consequences of 
the receptor signal being so much attenuated. 

4 li EHfliiifl llaht reaitu ibft ]au? 

Finally, the expe r i n en t s of ftLsnton & Ueatheiner C19G21 , and 
Of Ruatiton (i9E&a and h) must tie accounted for. As is probably 
clear, all the necessary; inputs are present for a gain-box type 
of mechanism to operate in the a&iacrine layer T the gain-bo* 
itself being proaahly the bipolar cell axon terminal, fiut this ■ 
requires that the bipolar signal be linear, and the various other 
difficulties uentioned in fiction 3 of Part ]] arise, The effect 
of all thaaa difficulties is to rta*e one ask. whether these 
results cannot be explained by phenomena in the outer p I ex i form 
layer without involving the gain-tow mechanise. Tnis is a strange 
question* because one of the attractions of the present theory is 
that it provide* the mining input that seaming! u; makes Hush ton'* 
theory come true. But observe the foil awing analysis of the 
resul tS Of 1.1 above. 
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4.1 t ^EMor. & Uestheimar (1952) 

Let us first analyse the grating experiment of ftushton & 
Uestheiwer. Their effect holds for Host people only for gratings 
with periods up to about 36" at £ (leg eccentric i ty h uhlch (as 
they, point out) is consistent nith otner measurements 4s. g. 
Hfll lett 19G2J of the resolution of tJna'rod channel in that 
r*glom But accord 1 rig to the present theory N the raw rod- signal 
it not trans*! t teci to the inner retinal layers: Nhat is 
tranaaltted it the sum of ■ large number Q + small lagarith»ic 
terms log[H/H), where R is the rsceptor response, antf H ia the 
horizontal cell response. Assjming that H rs constant in thft two 
experimental cases, ons can estimate ths b'H4 Of ths signal as 
f ol J due: 

Cass fl}? bleaching through a grating. Thsrt are- n bleached 
receptors, and n unh leached, se the total signal is roughly 
nfJogR + I og 4R/exp ^Bl * I K uhere Bi ia the amount of bleaching 
received by thoee cod* that uere bleached. 

Case {£l : unicorn bleach. kere. all 2n receptors uere b I earned, 
bo that th-e s-ionai size is a'ncut 2n ( I ogLA/e^p lkB21 1 1 . 
Thsas two e*&rsss!cns are the same if 31*2B2. This 4*f*ct could 
Suffice to explain tba reaulta of Rushton & Uesthei mer, as 
modified by Barlow 8- Andrews (1973) < 
4-2 Bush ton (i96&a* 

In a later experiment, ftuahton bleached a region a f the 
rstina through a grating, and then waasured the region's 
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Fnerenent threshold uiinjj the same grating at the same, and at 
tha opposite phase relation to the bleach ihg ttittu]iit> He found 
that ifpr a gracing of period 3B' , the threshold uas the Earns in 
both case a. Let lib calculate the difference signals that u* 
expect according to the present theory Suppose that the 
unbleached receptor response to the teat flash is Rl for the 
light Part of the test grating, and R2 for the dark bars* Than if 
the light Part faJ1 on bleached receptor a, the response is 
[ lagtRl/eKptkBI) + lag(R2>)t and if tha dark bare fall on 
bleached receptors t the response ia UogtRl) + lag <R2/exp <kB) ) } . 
In both cases, the result is the sane- A sin Mar argument can be 
constructed for th* Gthai- experiment (Ruihton 1965o> + 
4*3 U^g t does t*i i 5 rne^n? 

The arguments outlined in the iaat tuo sections rest en a 
large number of aaaumptione about the nature of the bipolar 
signal,, probaoly not all of uhich are correct* the bones of the 
present theory i*euld survive tha disproof Of many Of the J** 
Nievertheless + it is disquieting to fjftd that pseudo_ Eight, an 
explanation gf union it Oh* of tbe strong points of th i 1 theory, 
turns out not to be Involved in fne explanation of the apov* 
phenomena* because those phenomena uere pant of the reason uhy 
erne uaa ao interested in pseude light, Tne reason u.hy 
explanations of the aoo^e kind have Peen overlooked is the 
evidence about the linear ngjyr* of earJu retinal pr&eesses^ In 
particular, fiicco's Law, and the bindings of A I pern et a\ . 
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